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ABSTRACT 


The middle Eocene ceratomorph Hyrachyus has been considered a pivotal genus in cerato- 
morph evolution, either as a transitional form from tapiroids to rhinocerotoids, giving rise to all 
later rhinocerotoids, or else as the sister taxon to other rhinocerotoids. Thus, Hyrachyus has been 
commonly chosen as an outgroup in phylogenetic analyses of rhinocerotoids. However, little has 
been published on the osteology of Hyrachyus, even though well-preserved craniodental and post- 
cranial specimens of this taxon have been in collections for decades. Here, we describe and illus- 
trate the cranial and postcranial osteology of Hyrachyus modestus, based mainly on the 
exceptionally preserved specimens housed at the American Museum of Natural History, specifi- 
cally AMNH FM 12664. Our bone-by-bone description provides detailed information on the 
osteological morphology of Hyrachyus, which should be useful for phylogenetic analyses of both 
rhinocerotoids and perissodactyls in general, because it provides one of the more complete and 
best-preserved examples of the skeleton of an earlier Eocene perissodactyl. 

The cranial morphology of Hyrachyus modestus shows a shallow narial notch, a lacrimal con- 
tacting the nasal, and a sphenorbital fissure closely situated to the anterior opening of the alisphe- 
noid canal. In the basicranial region, there is a mastoid exposure of the petrosal between the 
occipital and the squamosal, and the posttympanic process and paracondylar process are partly 
fused. The postcranial morphology of Hyrachyus modestus includes the following features: The 
cervical region of the vertebral column is relatively short compared to the rest of the vertebral 
column. The lumbar vertebrae have concave-convex embracing prezygapophyses and postzyg- 
apophyses. The scapula has a distinct acromion process. The humerus has a greater tubercle that 
does not elevate above the head, and the deltoid tuberosity and deltopectoral crest are weak. The 
scaphoid and lunar facets of the radius are confluent. The olecranon of the ulna extends postero- 
proximally. The manus is functionally tetradactyl, with a complete fifth manual digit. The innomi- 
nate bone has a long, narrow coxal tuberosity. The greater trochanter of the femur is elevated 
proximally above the head. The femur has a long, narrow, and symmetric trochlea. The patella has 
a moderately anteroposteriorly deep base. The intercondyloid eminences of the tibia are equal in 
height, and the extensor sulcus of the tibia is relatively deep. The fibula has a relatively slender 
shaft with expanded ends. The pes has three functional digits. The calcaneus does not contact the 
navicular, nor does the Mt III contact the cuboid. 

Comparisons between the skeleton of Hyrachyus modestus and those of the early tapiroid Hep- 
todon, the hyracodontid Triplopus, the paraceratheriid Juxia, and the rhinocerotid Uintaceras were 
also investigated. These results indicate that Hyrachyus probably did not derive from Heptodon, 
but from a more basal group of ceratomorphs. Furthermore, distinct differences between the 
skeletons of Hyrachyus and Triplopus (the earliest representative of Hyracodontidae) suggest that 
hyracodontids were not descended from Hyrachyus. However, Hyrachyus-like ancestors probably 
gave rise to other non-hyracodontid rhinocerotoids. Like that of other Eocene perissodactyls, the 
postcranial morphology of Hyrachyus modestus exhibits adaptations that suggest that cursorial 
locomotion was already present early in perissodactyl evolution. 


INTRODUCTION 


The genus Hyrachyus is a common cerato- 
morph in the late early Eocene and middle 
Eocene in North America and Asia, and plays a 
pivotal role in understanding the origin of rhi- 
nocerotoids (Radinsky, 1967b; Prothero et al., 
1986). Wood (1934), in his revision of the 


Hyrachyidae, recognized four genera and 12 
species; however, Radinsky (1967b) recognized 
only one genus and two species as valid in 
North America. The two species, Hyrachyus 
modestus and Hyrachyus eximius, mainly differ 
in size, and Radinsky (1967b) suggested that 
they gave rise to the hyracodontids Triplopus 
and Fostercooperia, respectively. As suggested 
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by Schoch (1984), Wood's (1934) revision prob- 
ably oversplit the Hyrachyidae, and yet Radin- 
sky (1967b) probably oversynonymized the 
taxa. Emry (1990) suggested the validity of H. 
affinis based mainly on its smaller size. Other 
authors have recognized as many as eight spe- 
cies of Hyrachyus from China (Radinsky, 1965b; 
Chow and Qi, 1982; Huang and Qi, 1982; Qi, 
1987; Huang and Wang, 2002). Huang and 
Wang (2002) briefly reviewed Hyrachyus from 
China in addition to a description of a new spe- 
cies, H. tongi. European Hyrachyus was less 
common and represented by two species: H. 
modestus (= H. stehlini) and H. minimus (Sav- 
age et al., 1966; Radinsky, 1967b; Franzen, 1981; 
Hellmund, 2016). The taxonomy of the 
Hyrachyidae thus needs further revision 
(Schoch, 1984), especially in light of the fact 
that Hyrachyus has often been chosen as an out- 
group in studies of the phylogeny of the Rhi- 
nocerotoidea (Prothero et al., 1986; Cerdeno, 
1995; Antoine, 2002; Prothero, 2005; Deng and 
Chen, 2016). 

Cranial and postcranial specimens of 
Hyrachyus, including complete skeletons, are 
abundant, particularly from the Bridger Basin 
of North America. Two complete skeletons of 
Hyrachyus eximius (AMNH FM 5065) and 
Hyrachyus affinis (YPM 11170; = H. modestus) 
were reported by Cope (1884) and Troxell 
(1922), respectively. Cope (1884) described the 
famous skeleton of Hyrachyus eximius (see also 
Osborn, 1898; Wood, 1934: fig. 50), mounted in 
the AMNH, in relative detail; however, the 
specimen lacks the skull anterior to the occipital 
region, and Cope’ description and illustrations 
were brief. Troxell (1922) only mentioned a few 
postcranial characters, although his specimen is 
nearly complete and has been mounted in the 
Peabody Museum of Yale University. Holbrook 
(2001) described many skeletal features of 
Hyrachyus as part of a broader survey of tapiro- 
morph osteology. However, there has been no 
detailed description of the skeleton of Hyrachyus 
since the research of Cope (1884). Wood (1934: 
221) mentioned a specimen of Hyrachyus 
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modestus (AMNH FM 12664) as “a fine skull 
and skeleton, which deserves monographic 
treatment” AMNH FM 12664 is a well-pre- 
served skeleton, missing the humeri and pes 
and with some vertebrae and ribs broken. A 
comprehensive bone-by-bone description of 
this specimen is valuable for future phyloge- 
netic analyses of perissodactyls, especially when 
rhinocerotoids are included. 

Most postcranial material from the Bridge- 
rian (North American Land Mammal Age) in 
general, and from the Bridger Basin in particu- 
lar, has been assigned to Hyrachyus without 
associated skulls or teeth, so the attribution of 
these specimens are not certain, especially given 
the existence of perissodactyl taxa overlapping 
in size with species of Hyrachyus (Holbrook and 
Lapergola, 2011). The description of AMNH 
FM 12664 helps to provide morphological cri- 
teria beyond size for identifying isolated post- 
crania of Hyrachyus. 

This work is part of a larger systematic 
review of perissodactyls, and here we focus on 
description and comparison of the skeletal 
morphology of Hyrachyus modestus, based 
mainly on AMNH FM 12664 and several other 
specimens housed at the AMNH. The phyloge- 
netic position of Hyrachyus within the Peris- 
sodactyla by means of the cladistic analysis 
will be conducted in future research. Wood 
(1934) originally assigned AMNH FM 12664 
to Hyrachyus affinis. Radinsky (1967b) consid- 
ered Hyrachyus affinis as a junior synonym of 
Hyrachyus modestus, though he allowed for the 
possibility that there were three species of this 
genus in North America: H. modestus in the 
Bridger B, and two species in the Bridger C 
and D, one slightly smaller than H. modestus 
(to which Radinsky assigned it) and a dis- 
tinctly larger species, H. eximius. For this 
study, we follow Radinsky (1967b) in referring 
AMNH FM 12664 to H. modestus, pending a 
more thorough revision of Hyrachyidae. 

In order to investigate the origin of Hyrachyus 
and its relationships to other rhinocerotoids, 
comparisons were made between the cranial 
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and postcranial skeletal anatomy of Hyrachyus 
modestus and that of other early perissodactyls, 
including Heptodon, Triplopus, Juxia, and Uin- 
taceras. The helaletid Heptodon was regarded as 
an early representative of Tapiroidea with a 
close affinity to Hyrachyus (Radinsky, 1963; 
Radinsky, 1966). Radinsky (1965a) described a 
nearly complete skeleton of Heptodon posticus 
in detail. The Uintan Triplopus cubitalis (AMNH 
FM 5095) is the earliest known member of 
Hyracodontidae and is known in terms of post- 
crania from the forelimb and a few vertebrae 
(Cope, 1884; Radinsky, 1967a). Osborn (1890) 
described the manus and pes of Triplopus obliq- 
uidens (YPM VPPU 10397). The Sharamuru- 
nian (Asian Land Mammal Age) rhinocerotoid 
Juxia is considered to be an early indricothere 
and possibly as the ancestor of the later giant 
paraceratheres. Qiu and Wang (2007) thor- 
oughly described Juxia based on a nearly com- 
plete skeleton (IVPP V 2891). Wang et al. 
(2016) described a complete cranium of a basal 
paraceratheriid Pappaceras meiomenus, with 
which we also compared. The Uintan rhinocer- 
otoid Uintaceras was regarded as a sister group 
to Rhinocerotidae and includes much of the 
postcranial skeleton, as well as a fairly complete 
but crushed skull (Holbrook and Lucas, 1997). 
Wang et al. (2016), however, suggested that Uin- 
taceras is closer to paraceratheriids. We also 
briefly compared the skeleton of H. modestus 
with that of H. eximius, because they are almost 
indistinguishable in morphology beyond the 
larger size of H. eximius. Ultimately, a revision 
of the family Hyrachyidae may be needed but is 
beyond the scope of the present paper. 


MATERIALS AND METHODS 


The description of Hyrachyus modestus was 
based mainly on AMNH FM 12664, which was 
collected by Miller from Grizzly Buttes (Hori- 
zon B), Bridger Basin (Wyoming) in 1905. 
Some other postcranial specimens of H. 
modestus were also studied to compensate for 
missing elements in AMNH FM 12664, includ- 


BAI ET AL.: OSTEOLOGY OF CERATOMORPH HYRACHYUS MODESTUS 


ing the humerus of AMNH FM 12361 (associ- 
ated with dentitions) from Henry’s Fork 
(Horizon C), Bridger Basin; the innominate, 
tibia, fibula, cuboid, and ectocuneiform of 
AMNH FM 11662 from Millersville (Horizon 
B), Bridger Basin; the astragalus, calcaneus, 
and mesocuneiform of AMNH FM 1643c from 
the Bridgerian of the Bridger Basin, Wyoming; 
and the entocuneiform and metatarsals of 
AMNH FM 1612 from the Bridgerian of the 
Bridger Basin, Wyoming. The locality and 
stratigraphic record of the third metacarpal of 
AMNH FM 91775 are missing. 

For cranial terminology, we follow Wible 
(2003). For postcranial terminology, we use the 
combination of Nomina Anatomica Veterinaria 
(NAV 2005; Sisson et al., 1975; Constantinescu 
and Schaller, 2007; Evans and de Lahunta, 2013) 
and Flower (1885) (appendix 1). Measurements 
were taken using digital calipers and are given in 
millimeters. Measurements of bones and ratios 
follow Qiu and Wang (2007) and Gromova (1959). 


ABBREVIATIONS 


INsTITUTIONS: AMNH FM, American 
Museum of Natural History, Fossil Mammals, 
New York; CM, Carnegie Museum of Natural 
History, Pittsburgh; IVPP, Institute of Verte- 
brate Paleontology and Paleoanthropology, Bei- 
jing; YPM, Peabody Museum of Natural 
History, Yale University, New Haven. 

ANATOMIES: fac., facet; med., medial; lat., 
lateral; pro., process. Others are listed in the 
caption of the figures. 


DESCRIPTION AND COMPARISON 
SKULL 


The skull is preserved in a relatively good 
condition with many distinct sutures visible; 
however, the skull was slightly laterally com- 
pressed and the premaxillae, nasals, frontals, 
and the zygomatic processes of the squamosals 
were partially broken off (table 1). 
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TABLE 1 
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Measurements of skulls and lower jaws of Hyrachyus modestus and Hyrachyus eximius (mm) 


L = length; D = distance. 


Skull 
. Basilar L 
. Premaxilla-condyle, L 


. Vertex L 


. Pl-condyle, L 

. Postglenoid process-condyle, D 
. Nasal notch, L 

. Orbit-nasal notch, D 

10. Width at condyles 


0 ON HD oT Fe Ww NY Fe 


11. Width at posttympanic process 
12. Width at zygomatic arch 

13. Occiput height 

14. Condyle, heightxwidth 


15. Paracondylar-posttympanic process, L 


16. 11-M3, L 
17. Diastema I1-P1 
18. P1-M3, L 
Ratio (%) 

12:1 

12:2 

4:5 

7:6 

17:18 
Mandibles 
1. Total L 
2. pl-angular process, L 
3. pl-m3 L 
4. Height at p2 
5. Height at m1 
6. Coronoid process, height 
7. Condylar process, height 
Ratio (%) 

a1 

5:1 

6:1 

7:1 


* Approximate measurements. 


. Premaxilla-postorbital process, L 


Hyrachyus modestus 
(AMNH FM 12664) 


. Occipital condyle-postorbital process, L 


208.3 
211.0 
Ph Ts 


98.2 
128.3 
180.3 

38.8 

PAG 

71.3 

38.6 

56.6 
83.0* 

60.5 


21.85x10.16 


18.8 
123.7 
41.0 
84.3 


40 
39.4 
76.6 
ZAKS 
48.6 


190.1 
150.9 
83.9 
30.4 
36.1 
O39 
76.7 


44.1 
19.0 
49.2 
40.4 


Hyrachyus eximius 
(Qiu and Wang, 2007) 
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OCCIPITAL VIEW (fig. 1): The outline of the 
occipital is roughly a high and narrow rectangle 
with the middle part constricted and the ventral 
part slightly expanded. The supraoccipital is 
deeply concave transversely, so the middle part 
of the nuchal crest is posteriorly concave, and 
its lateral part extends anteroventrally to join 
the weak temporal crest at approximately the 
middle of the height of the occipital (fig. 2). The 
exoccipital is convex transversely and anteriorly 
slanted above the foramen magnum, which is 
bordered by the occipital condyles. The dorsal 
apices of the occipital condyles are widely sepa- 
rated, whereas the ventral parts are separated by 
a narrow notch. The lateroventral border of the 
condyle (linea divisa condyli) is a somewhat 
blunt ridge, separating posterior and ventral 
articular surfaces. 

LATERAL VIEW (fig. 2): The skull is moder- 
ately high and long (table 1). We follow Qiu and 
Wang (2007) in placing the border between the 
cranium and the face at the transverse plane 
through the postorbital processes of the fron- 
tals, not at the anterior borders of the orbits 
(Sisson et al., 1975). The face (12.0 cm) is longer 
than the cranium (10.5 cm). The supraoccipital 
overhangs the occipital condyles, and is slightly 
more posteriorly extended than the latter. The 
linea divisa condyli forms an angle of about 60° 
with the long axis of the skull. A number of 
postparietal foramina (nutrient foramina) are 
present on the posterior skull surface above the 
parietal-squamosal suture. The paracondylar 
process (= paroccipital process) is slender, and 
extends distally and slightly posteriorly, taper- 
ing distally and anteroposteriorly compressed at 
its distal extremity. The anterior surface of the 
paracondylar process is excavated, whereas the 
posterior side is divided by a longitudinal ridge 
into a flat, narrow posterolateral surface and a 
concave posterior surface, forming the anterior 
border of the condyloid fossa. The posttym- 
panic process is separated from the exoccipital 
by a rather narrow mastoid exposure (mastoid 
process) on its dorsal half, whereas distally the 
posttympanic process likely fuses with the para- 





FIG. 1. Occipital region of the skull of Hyrachyus 
modestus (AMNH FM 12664). Abbreviations: eo, 
exocciptial; fm, foramen magnum; me, mastoid 
exposure of petrosal; nc, nuchal crest; oc, occipital 
condyle; pcop, paracondylar process; so, 
supraoccipital. 


condylar process and extends anteroventally. 
Above the fused part there is a small mastoid 
foramen between the mastoid exposure and the 
posttympanic process. The paracondylar pro- 
cess extends slightly more distally than the 
occipital condyle but considerably more distally 
than the posttympanic process. The posttym- 
panic process is widely separated from the post- 
glenoid process. 

The squamous bone articulates with the 
parietal anterodorsally, and with the alisphe- 
noid ventrally and partially on its anteroventral 
portion. The pterygoid process of the alisphe- 
noid extends anteroventrally with an oval pos- 
terior opening of the alisphenoid canal placed 
at the posterodorsal side. The pterygoid crest is 
a relatively sharp ridge, and at least three foram- 
ina are discernable on the anteromedial side of 
the pterygoid crest. The most anterodorsal one 
is the oval optic foramen with a nearly vertical 
long axis. Between the optic foramen and the 
pterygoid crest there is a large foramen filled by 
matrix. Based on the left side, this contains a 
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FIG. 2. Lateral view of the skull of Hyrachyus modestus (AMNH FM 12664). Abbreviations: as, alisphenoid; 
ef, ethmoid foramen; fr, frontal; fro, foramen rotundum; iof, infraorbital foramen; ju, jugal; lac, lacrimal; 
lacf, lacrimal foramen; me, mastoid exposure of petrosal; mx, maxilla; na, nasal; nc, nuchal crest; oc, 
occipital condyle; of, optic foramen; os, orbitosphenoid; pa, parietal; pac, posterior opening of the alisphe- 
noid canal; pal, palatine; pcop, paracondylar process; pgp, postglenoid process; pmx, premaxilla; ppa, 
pterygoid process of alisphenoid; ptp, posttympanic process; sof, sphenorbital fissure; spf, sphenopalatine 


foramen; sq, squamosal; tc, temporal crest. 


dorsal sphenorbital fissure and a ventral fora- 
men rotundum separated by a thin plate. The 
anterior opening of the alisphenoid canal pre- 
sumably opens in common with the foramen 
rotundum, as in other early perissodactyls 
(Radinsky, 1965a; Holbrook, 2001). A short 
ridge extends anterodorsally above the sphenor- 
bital fissure and optic foramen, terminating just 
posterior to an ethmoidal foramen that extends 


anteroventrally into a narrow and deep groove. 
About 1.0 cm posterodorsally to the ethmoidal 
foramen, there is another small foramen. 

The dorsal profile is nearly straight and hori- 
zontal, but the anterior part of the nasal slopes 
downward to some extent, though this may be 
affected by distortion. The orbit is round and 
relatively large. The postorbital process of the 
frontal bone is stout, lying approximately above 
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FIG. 3. Skull of Hyrachyus modestus (AMNH FM 12664). A, dorsal; and B, ventral views. Abbreviations: 
bo, basioccipital; bs, basisphenoid; fr, frontal; gc, glenoid cavity; hf, hypoglossal foramen; hp, hyoid pro- 
cess; na, nasal; nc, nuchal crest; oc, occipital condyle; of, oval foramen; pa, parietal; pac, posterior opening 
of the alisphenoid canal; pal, palatine; pcop, paracondylar process; pgf, postglenoid foramen; pgp, postgle- 
noid process; pop, postorbital process; ptp, posttympanic process; sc, sagittal crest; sq, squamosal; tc, 


temporal condyle. 


the posterior border of M3. The facial part of 
the lacrimal bone is moderately large, articulat- 
ing with the nasal bone on the dorsal side, thus 
separating the frontal and maxilla. The orbital 
part of the lacrimal is larger than the facial part, 
and a lacrimal foramen is present along the 
anterior border of the orbit, which is situated 
approximately at the level of the anterior border 
of M2. The lacrimal tuberosity is essentially 
absent. The jugal forms the rough, concave ven- 
tral border of the orbit. The maxilla housing M2 


and M3 (i.e., the tuber maxillae) forms the ven- 
tral surface of the orbital medially. 

The tip of the nasal overhangs the premax- 
illa. The narial notch is shallow and ends above 
the canine. The maxilla is large and somewhat 
concave in its anterior portion, a condition 
probably attributable to postmortem trans- 
verse compression. The infraorbital foramen is 
situated above the anterior half of P3, nearly at 
the same horizontal level as the ventral border 
of the orbit. The premaxilla is long and slen- 
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der, articulating with the nasal dorsally and 
maxilla posteriorly. The body of the premaxilla 
extends anteroventrally. 

Dorsat VIEW (fig. 3A): Although the sagittal 
crest is partially broken, it is long and splits pos- 
teriorly into two diverging ridges, which are 
continuous with the nuchal crest. The sagittal 
crest bifurcates into two frontal ridges anteri- 
orly, which curve anteroventrally and lead to 
the postorbital processes of the frontals, at the 
level of the anterior border of the temporal con- 
dyle. The posterior border of the nasal is trans- 
versely extended, and the frontal intrudes 
between the nasals medially (based on the spec- 
imen of AMNH FM 13756, cast of YPM 17580). 

VENTRAL VIEW (fig. 3B): The condyloid fossa 
between the occipital condyle and the paracon- 
dylar process is deeply concave. The paracondy- 
lar process is situated posteromedial to the 
posttympanic process, and a hyoid process is 
situated anteromedial to the posttympanic pro- 
cess. On the medial side of the paracondylar pro- 
cess there is an oval hypoglossal foramen. The 
suture between the basioccipital and basisphe- 
noid is obliterated on AMNH FM 12664, whereas 
on AMNH FM 13756 this suture is present 
approximately at the level of the postglenoid pro- 
cess. A weak median ridge is present on the ante- 
rior half of the ventral side of the basioccipital 
with two tubercles on either side in the middle of 
the basioccipital. The basisphenoid is smooth 
and laterally convex. The detailed characters of 
the petrosal are obscured by matrix. The tempo- 
ral condyle is flat, curving onto the anteromedial 
surface of the postglenoid process. Posterior to 
the temporal condyle is the moderately concave 
glenoid cavity. The postglenoid process is ori- 
ented anterolaterally at an angle of about 45° 
from the long axis of the skull, with a small post- 
glenoid foramen on the posteromedial side. A 
relatively large foramen ovale is present on the 
medial side of the temporal condyle, and the 
posterior opening of the alisphenoid (alar) canal 
is situated a short distance anteromedial to the 
foramen ovale. The posterior border of the palate 
is situated approximately at the level of the pos- 
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terior border of M2 based on the specimen of 
AMNH FM 13756. 


LOWER JAW 


The lower jaw was broken into right and left 
mandibles, and the left condylar process and 
the tips of coronoid processes on both sides are 
not complete (table 1). The mandible is long 
and slender (fig. 4). The body is procumbent 
anteriorly with the posterior border of the sym- 
physis situated at the level of p2 (fig. 4C). The 
lingual surface of the body is long, narrow, and 
relatively deep. The mental surface is convex 
with several small nutrient foramina. 

The ventral border of the horizontal ramus is 
nearly straight with a shallow vascular impres- 
sion. The alveolar border ascends slightly pos- 
teriorly. On the left side, two equal-sized mental 
foramina are present below the middle of p3 
and the anterior border of p4, respectively. On 
the right side, only one medium-sized mental 
foramen is present below the anterior border of 
p4. There are three small foramina, probably 
nutrient foramina, present below the diastema 
and p1 and p2, respectively. 

The angular process of the mandible is 
rounded and somewhat posteriorly extended 
with rough borders; thus, the anterior border of 
the vertical ramus (= coronoid crest) is nearly 
vertical, whereas the posterior border (= condy- 
loid crest) slants anterodorsally. The lateral sur- 
face of the angle is flat with slightly reticulated 
impressions for attachment of the superficial 
masseter muscle, whereas the masseteric fossa 
above the level of the alveolar border is more 
concave for the attachment of the deep masseter 
muscle (fig. 4A). The medial surface of the 
angular process is concave, especially on the 
posterior side, for the attachment of internal 
pterygoid muscle (fig. 4B), where the posterior 
border of the angular process curves medially 
forming a flange. A relatively large mandibular 
foramen is present just above the level of the 
alveolar border. 

The condylar process is relatively high (about 
44 mm higher than the alveolar border), trans- 
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FIG. 4. Left mandible of Hyrachyus modestus (AMNH FM 12664). A, lateral; B, medial; and C, occlusal 
views. Abbreviation: manf, mandibular foramen. 
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versely elongated, slightly convex anteroposteri- 
orly and inclined medially, facing dorsally on the 
lateral side and curving posteroventrally on the 
medial side. In posterior view, below the articu- 
lar surface there is a narrow, transverse groove 
on the posteromedial side. Lateroventral to the 
groove is a convex rugose postcotyloid process 
(Osborn, 1898: 117). The tip of the coronoid pro- 
cess is broken off; however, it was probably 
inclined posteriorly. The mandibular incision 
between the coronoid process and the condylar 
process is relatively narrow and shallow. 

COMPARISON OF THE SKULL: ‘The skull of 
Hyrachyus modestus is different from that of 
Heptodon posticus, in retaining the following 
primitive characters: a shallow narial notch 
retracting at the level of the canine instead of 
the postcanine diastema, a nasal in contact with 
the lacrimal bone, and a sphenorbital fissure 
closely situated to the anterior opening of the 
alisphenoid canal instead of widely separate. 
The skull of H. posticus further differs from that 
of Hyrachyus modestus by a nuchal crest more 
notched in dorsal view, incisors more widely 
placed and separated from the canine by a dia- 
stema, an angular process of the mandible more 
posteriorly expanded, and by the absence of the 
postcotyloid process of the mandible. 

A juvenile skull of Triplopus cubitalis 
(AMNH FM 5095) has been described and fig- 
ured by Cope (1884). Two juvenile and adult 
skulls of T: obliquidens (CM 11957, 3201) pro- 
vide additional cranial features of Triplopus, 
although the CM 3201 is heavily crushed. The 
cranium of Triplopus is similar to that of H. 
modestus in having a shallow narial notch 
retracted to the level of the canine, and a lacri- 
mal bone in contact with the nasal. However, 
due to a large tympanic bulla, the posttympanic 
process of Triplopus cubitalis is widely separated 
from the postglenoid process and distally 
extended beyond the level of the latter. Further- 
more, the posttympanic process of T: cubitalis is 
also posteriorly separated from the paracondy- 
lar process by an open shallow groove, which is 
probably bottomed by the mastoid as suggested 


NO. 413 


by Cope (1884: 680); a similar condition can be 
also observed in the cranium of Hyracodon. By 
contrast, the posttympanic and paracondylar 
processes are partially fused in Hyrachyus 
modestus, although a mastoid exposure was 
present. The condyle of the mandible in 
Hyrachyus modestus possesses a postcotyloid 
process, which is absent in Triplopus and Hyra- 
codon but present in other non-hyracodontid 
rhinocerotoids (Wang et al., 2016). 

Recently, Wang et al. (2016) described a 
primitive paracerathere Pappaceras meio- 
menus from the Arshanto Formation of the 
Erlian Basin in China. The species represents 
the earliest known unequivocal rhinocerotoid 
and the basal taxon to Paraceratheriidae 
(giant rhinoceroses), which form a sister 
group with Amynodontidae based on their 
cladistic analysis. The skull of Pappaceras 
shows some similarities with that of 
Hyrachyus modestus in having a naso-pre- 
maxilla contact, the tip of nasal bending ven- 
trally, facial part of the lacrimal bone 
relatively large and contacting the nasal, a 
prominent sagittal crest, and a posttympanic 
process fused with the paracondylar process. 
However, the skull of Pappaceras has some 
derived or rudimentary characters shared 
with those of later Fostercooperia and Juxia, 
but different from that of H. modestus, namely 
the possession of a relatively deep narial 
notch retracting posterior to the canine, 
widely placed incisors and canine, a larger 
canine, a cranium as long as the facial part, 
the anterior border of the orbit above the 
M2/3 border, a massive postglenoid process 
with two facets, and rudimentary coalescence 
and enlargement of the posttympanic and 
paracondylar processes. Qiu and Wang (2007) 
further compared skull of Juxia with that of 
Hyrachyus in detail. 

A reconstruction of the skull of Uintaceras 
was based on laterally distorted crania (Hol- 
brook and Lucas, 1997; Radinsky, 1967a; Wang 
et al., 2016). The skull of Uintaceras is similar 
to that of H. modestus in having a naso-pre- 
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FIG. 5. Atlas of Hyrachyus modestus (AMNH FM 12664). A, dorsal; B, ventral; C, cranial; and D, caudal 
views. Abbreviations: caf, cranial articular fovea; fai, foramen alare inferior; potf, posterior orifice of the 


transverse foramen. 


maxilla contact, a canine appressed to the 
third incisor, the facial part longer than the 
cranial part, an anterior border of the orbit 
above the M1/M2 border, a prominent sagittal 
crest, and a posttympanic process fused with 
the paracondylar process. The skull of Uintac- 
eras differs from that of Hyrachyus modestus in 
having a deeper narial notch above P1 and a 
more massive postglenoid process. 


AXIAL SKELETON 


The specimen of AMNH FM 12664 pre- 
serves partial vertebrae from the first cervical to 
the first sacral. The cervical vertebrae and the 
anterior thoracic vertebrae (T1-T11) are more 
complete than other preserved vertebrae. 


Cervical Vertebrae 


ATLAS (fig. 5; table 2): This bone is nearly 
complete except for an anterior part of the left 
wing and a posterior border of the right wing. 
The cranial articular foveae are deeply concave 
and reniform; they are separated by a wide 
notch dorsally and a narrow one ventrally (fig. 
5A, B). The anterior border of the dorsal arch is 
obtusely rounded, whereas that of the ventral 
arch forms a narrow and square median notch. 
The caudal articular foveae are flat, triangular in 
outline, widely separated above and closely 
apposed below. 

The dorsal arch is greatly bowed, bearing a 
median dorsal tubercle on the anterior half. The 
intervertebral foramen is large and situated at 
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TABLE 2 
Measurements of atlas and axis of 
Hyrachyus modestus (mm) 
AMNH FM 
12664 
Atlas 
1. Maximum length Sac. 
2. Dorsal sagittal length 21.8 
3. Ventral sagittal length ees, 
4, Maximum width 70.0* 
5. Cranial articular foveae, width 40.8 
6. Caudal articular facets, width 40.2 
7. Caudal articular facet, Heightxwidth 19.9x17.6 
Ratio (%) 
1:4 73.0 
3:4 22.1 
5:4 58.2 
7H:7W 113.0 
Axis 
1. Maximum length 59.03 
2. Maximum height 64.09 
3. Body and dens, length 59.03 
4. Body, length 44.5 
5. Cranial articular facets, width 40.73 
6. Postzygapophysis, width 30.18* 
7. Fossa, heightxwidth 18.9x19.8 


« Approximate measurements. 


the level of the anterior process of the wing. The 
alar notch is very deep, connecting the interver- 
tebral foramen by a wide, transverse groove on 
the dorsal side, and the foramen alare inferior 
by a narrow, longitudinal groove on the ventral 
side (fig. 5A, B). The foramen alare inferior is 
situated anterior to the transversely middle line 
of the wing, and on its median side there is a 
rather shallow alar fossa (fig. 5B). The ventral 
arch is much shorter and narrower than the 
dorsal arch, and bears a ridgelike ventral tuber- 
cle on its posterior side and a transversely con- 
cave fovea dentis on its dorsal side. 

The lateral wing has a rounded anterior pro- 
cess and a pointed posterior process, extending 
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laterally and slightly ventrally. Between the pos- 
terior process of the wing and the caudal articu- 
lar fovea there is a posterior orifice for the 
transverse foramen (fig. 5C). 

Axis (fig. 6; table 2): The axis is nearly com- 
plete, except for the partially broken free border 
of the spinous process and the left postzyg- 
apophysis. The body (= centrum) is the longest 
among the cervical vertebrae. The dens (= 
odontoid process) is long and shaped like a 
truncated cone, with a convex ventral surface 
for the articulation with the atlas, above which 
there are longitudinal grooves on either side. 
The dorsal surface of the dens is also trans- 
versely convex. The paired cranial articular fac- 
ets are roughly triangular in outline with the 
apex toward the medial side, and slightly saddle 
shaped (fig. 6A). The vertebral fossa is slightly 
concave, subcordate with a straight dorsal bor- 
der, and slanting anteriorly (fig. 6B). The ventral 
crest is very sharp and long, nearly extending 
from the dens posteroventrally to the level of 
the vertebral fossa, where it forms a ventrally 
pointed tubercle. 

The neural arch has a wide and moderately 
deep anterior notch and a relatively shallow 
posterior notch. The postzygapophysis (= cau- 
dal articular process) is roughly oval in outline, 
anteroposteriorly elongated, flat, and directed 
more ventrally than laterally. Its posterior 
extremity is placed at the level between the dor- 
sal and ventral borders of the vertebral fossa. 

The transverse process is single, projecting 
posterolaterally at the level of the dorsal border 
of the caudal extremity (fig. 6C). The transverse 
foramen is short and situated at the posterior 
half of the body. Its anterior opening is slightly 
larger than the posterior opening. 

The spinous process is large, high, and 
slightly depression anteriorly and swollen pos- 
teriorly (fig. 6C). Its free border is straight, 
sharp, and posterodorsally extended (at an 
angle of about 40°) to the posterior end nearly 
at the level of the posterior border of the 
postzygapophysis, where it becomes slightly 
thickened and rough; then, it extends ventrally 


2017 


A B 


spinous 
process 


















cat fossa 
ventral crest 









ventral ie 
tubercle 


BAI ET AL.: OSTEOLOGY OF CERATOMORPH HYRACHYUS MODESTUS 






spinous process 


dens 


FIG. 6. Axis of Hyrachyus modestus (AMNH FM 12664). A, cranial; B, caudal; and C, lateral views. Abbre- 
viations: caf, cranial articular facet; postzy, postzygapophysis; tran pro, transverse process. 


and slightly anteriorly as a sharp ridge. The spi- 
nous process connects the postzygapophyses by 
two short ridges. 

C3-C5 (figs. 7, 8; table 3): The body of the 
third cervical vertebra is long, only slightly 
shorter than the axis (figs. 7A, 8C). The ventral 
crest is very sharp and ends as a ventrally pointed 
tubercle on its posterior end (fig. 8C). On either 
side of the ventral crest the body is deeply exca- 
vated. The head is slightly convex, pentagonal in 
outline with vertical lateral borders, and anteri- 
orly inclined (fig. 8A). The vertebral fossa is 
articulated with the head of the fourth cervical 
vertebra, and its characters are unclear. 

The neural arch is large and perforated by a 
transverse foramen on either side. The pedicle 
of the arch is vertical, whereas the lamina is 
nearly horizontal (fig. 8A). 

The prezygapophyses (= cranial articular pro- 
cess) are flat, roughly oval in outline, directed 
dorsomedially, and extending anteriorly at the 
level of the head. The prezygapophyses are 
divided by a wide U-shaped notch (fig. 7B). The 
postzygapophyses, at the same horizontal level as 
the prezygapophyses but slightly wider than the 
latter, are directed ventrolaterally and divided by 
a relatively shallowly U-shaped notch (fig. 7B). In 
dorsal view, the two pairs of articular processes 
are considerably longer than wide (fig. 7B). 


The transverse processes are platelike and 
divided into anterior and posterior branches. 
The parapophysis (ventral tubercle of transverse 
process) becomes narrow and slightly thickened 
anteriorly, and extends beyond the level of the 
head (figs. 7A, 8C). The diapophysis (dorsal 
tubercle of transverse process) is relatively 
shorter, wider, and slightly higher than the par- 
apophysis (fig. 7A). The transverse foramen is 
long and forms a vertically elongated oval in 
cross section (fig. 8A). The spinous process is a 
very low crest. 

The fourth cervical vertebra is nearly as long 
as the third cervical vertebra and very similar to 
the latter (figs. 7, 8B, C). It mainly differs from 
the third cervical vertebra in having (1) a 
slightly weaker ventral tubercle of the ventral 
crest, (2) prezygapophyses that are wider than 
the postzygapophyses, which are divided by a 
rounded V-shaped notch (fig. 7B), (3) the two 
pairs of zygapophyses slightly longer than wide 
in dorsal view, (4) parapophysis more ventrally 
directed and expanded, (5) diapophysis higher 
than the parapophysis and more laterally 
extended, and (6) a more rounded transverse 
foramen. Although the spinous process is bro- 
ken off, it appears to be more prominent and 
higher. The vertebral fossa is slightly concave 
and roughly circular in outline (fig. 8B). 
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FIG. 7. The third (C3), fourth (C4), fifth (C5), sixth (C6), and seventh (C7) cervical vertebrae of Hyrachyus 
modestus (AMNH FM 12664). A, lateral; and B, dorsal views. Abbreviations: dp, diapophysis; postzy, 
postzygapophysis; pp, parapophysis; prezy, prezygapophysis; tran pro, transverse process. 
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FIG. 8. Partial cervical vertebrae of Hyrachyus modestus (AMNH FM 12664). A-C, articulated C3 and C4. 
A, C3 in cranial view; B, C4 in caudal view; C, ventral view. D-E, C6. D, cranial; and E, caudal views. F—G, 
C7. F cranial; and G, caudal views. Abbreviations: dp, diapophysis; postzy, postzygapophysis; pp, par- 
apophysis; prezy, prezygapophysis; tran fo, transverse foramen; tran pro, transverse process; vent tuber, 
ventral tubercle. 
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TABLE 3 


Measurements of C3, and C5-C7 of Hyrachyus modestus (AMNH FM 12664) (mm) 
Postzy. = postzygapophysis; Prezy. = prezygapophysis. 


C3 

1. Body, Length 29.4 
2. Head, Width 16.4 
3. Head, Height 18.0 
4. Prezy., Width 31.7 
5. Postzy., Width Sou2 
6. Maximum Length, pre- and postzy. 40.1 
7. Vertebral foramen, HeightxWidth 13.6x18.7 
Ratio (%) 

4:6 78.9 

5:6 87.6 

372 110.1 

7:8 729 


« Approximate measurements. 


The fifth cervical vertebra is slightly shorter 
than the fourth cervical vertebra (fig. 7). It dif- 
fers from the latter in having a low, triangular 
rough area on the posterior half of the ventral 
crest, a more ventrally directed parapophysis, a 
more laterally extended diapophysis that is 
pointed on the posterior side, and a spinous 
process elevated and anteriorly inclined. 

C6 (figs. 7, 8D, E; table 3): The body of the 
sixth cervical vertebra is slightly shorter than 
that of the fifth cervical vertebra. The most con- 
spicuous character of the sixth vertebrae is the 
large, flangelike, and nearly vertical parapophy- 
ses (i.e., ventral lamina in figures) of the trans- 
verse processes, and small, short, and 
tuberculate diapophyses (fig. 8D, E). The sixth 
cervical vertebra is also characterized by a rela- 
tively weak (but still sharp) ventral crest, dorso- 
medially inclined laminae of the neural arch, 
and the spinous process greatly enlarged, elon- 
gated, and anteriorly inclined. 

C7 (figs. 7, 8E, G; table 3): The body of the 
seventh cervical vertebra is slightly shorter than 
that of the sixth cervical vertebra. It is distin- 
guished from other cervical vertebrae by the fol- 
lowing characters: a blunt ventral crest with 


C5 C6 G7 
26.9 24.2 217 
15.3 14.7 17.4 
18.0 18.3 17.8 
yA 35.6 35.2 
34.7 33:67 i 
39.0 ee) 36.3 

11.6x17.8 14.2x14.0 13.6x13.6 
95.0 100.7 972. 
88.9 9521 89.1 
V7 124.7 102.2 
65.4 101.7 100.1 


tubercles in the middle, an oval-shaped vertebral 
fossa with a facet on each side for articulation 
with part of the head (= capitulum) of the first 
rib (i.e., caudal costal fovea in fig. 8G), slender 
prezygapophyses relatively lower than postzyg- 
apophyses, a transverse process short and undi- 
vided without transverse foramina, and a stout 
and nearly vertically extended spinous process. It 
is interesting to note that the dorsal surface of the 
body of the seventh cervical vertebra has two 
grooves on the either side, which are connected 
in the middle, where it is overhung by a slender, 
bridgelike lamina. A similar “bridge” on the dor- 
sal surface of the body of the sixth cervical ver- 
tebra was probably broken off. 


Thoracic Vertebrae 


There are 18 thoracic vertebrae preserved in 
Hyrachyus modestus. T1-T4 are well preserved, 
whereas T5-T11 are less well preserved, often 
with broken spinous processes. T12-T18 are 
poorly preserved with only bodies and partial 
transverse processes. Generally, the right sides 
of the thoracic vertebrae are better preserved 
than the left sides. 
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FIG. 9. The first 11 thoracic vertebrae in lateral view. A, the first thoracic vertebra (T1) to the fourth thoracic 
vertebra (T4); B, the fifth thoracic vertebra (T5) to the 11th thoracic vertebra (T11). Abbreviations: prezy, 


prezygapophysis; tran fovea, transverse fovea. 


T1 (figs. 9A, 10A, B; table 4): T1 is well pre- 
served; however, the left transverse process is 
broken off. The body is nearly as long as that of 
C7. The head is slightly convex, pentagonal in 
outline with a distal apex, and nearly perpen- 
dicular to the long axis of the body (fig. 10A). 
The fossa is moderately concave and oval (fig. 


10B). On the middle part of either side of the 
head are concave cranial costal facets, which are 
transversely elongated ovals in outline and face 
anteroventrally (fig. 10A). On the upper part of 
either side of the fossa are nearly rounded cau- 
dal costal facets, which face posterolaterally and 
are more concave than the cranial costal facets 
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FIG. 10. Partial thoracic vertebrae of Hyrachyus 
modestus (AMNH FM 12664). A—-B, T1. A, cranial; 
and B, caudal views. C—D, T4. C, cranial; and D, 
caudal views. E-F, T7. E, cranial; and FE, caudal 
views. Abbreviations: cau cf, caudal costal facet; 
cra cf, cranial costal facet; postzy, postzygapophy- 
sis; prezy, prezygapophysis; tran pro, transverse 
process. 
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(fig. 10B). The ventral crest is blunt with a 
prominent ridge in the middle and two ridges 
on either side on the anterior half. 

The vertebral foramen is large and triangular 
in outline with rounded corners (fig. 10A). The 
prezygopophyses are less anteriorly extended 
compared with those of C7, bearing two large 
and flat (or slightly concave) facets directed dor- 
somedially (fig. 9A). On each side of the poste- 
rior base of the spinous process are the 
postzygapophyses, which are oval, slightly con- 
cave, facing ventrally and slightly medially, and 
widely separated dorsally. The transverse pro- 
cesses are stout, bearing deeply concave and ven- 
trolaterally directed transverse foveae for 
articulation with the tubercles of the first ribs. 
The transverse fovea is nearly confluent with the 
cranial costal facet, separated by a narrow groove. 

The spinous process is partially distorted 
toward the right side (figs. 9A, 10A, B). It is 
long and slants posteriorly with an expanded, 
rugose summit. Both the anterior and posterior 
borders of the spinous process are sharp, 
although the posterior border is slightly wider 
and more rounded with a wide base. 

T2 (fig. 9A): T2 is almost complete. The body 
is as long as that of T1, but has a more concave 
lateral surface on either side of the ventral crest. 
The head is pentagonal in outline as in T1, but the 
fossa is more rounded. The cranial costal facets are 
displaced on the upper part of the lateral side of 
the head, and the caudal costal facets are trans- 
versely elongated oval in outline with the dorsal 
borders nearly in line with the dorsal border of the 
fossa. The prezygapophyses are widely separated, 
bearing flat, oval, and dorsomedially oriented fac- 
ets. The postzygapophyses, situated at the poste- 
rior base of the spinous process, are elongated 
ovals in outline, slightly concave, and face postero- 
ventrally and slightly medially. The postzygapoph- 
ses are closely placed dorsally and diverge distally. 
The transverse processes are relatively smaller and 
have less concave and more anteriorly facing 
transverse foveae for articulation with the tubercle 
of the second rib. Above the facet for the tubercle 
of the rib is a prominent, anterodorsally projecting 
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TABLE 4 


Measurements of T1, T4, T7, and T11 of Hyrachyus modestus (AMNH FM 12664) (mm) 
H = height; L = length; pro. = process; Verte. = vertebral; W = width. 


2017 
Ei 
Body, L 19.4 
Head, HxW 16.32x17.3 
Verte. fossa, HxW 15.47x16.32 
Maximum W 48.8? 
Verte. foramen, HxW 13.26x15.32 
Spinous pro., anterior H 80.6 
Spinous pro., basal L 19.8 
Spinous pro., basal W 15.8 


* Approximate measurements. 


mammillary process. The spinous process is long 
and similar to that of T1, although the summit has 
been broken off. 

T3 (fig. 9A): T3 is similar to T2. Compared 
with T2, T3 has a more rounded head, cranial 
and caudal costal facets more dorsally extended, 
prezygapophses situated on the anterior part of 
the neural arch with narrow oval outlines sepa- 
rated by a V-shaped notch, a more rounded ver- 
tebral foramen, mammillary processes with two 
small processes on each side, and a narrower 
spinous process. 

T4 (figs. 9A, 10C, D; table 4): The mammil- 
lary process and the summit of the spinous pro- 
cess of T4 have been broken off. T4 is similar to 
T3, and mainly differs from the latter in having 
a body with a smooth ventral surface, trans- 
verse processes with small and slightly concave 
transverse foveae for articulation with the 
tubercles of the ribs, and a spinous process nar- 
rower and more posteriorly slanting. 

T5-T11 (figs. 9B, 10E, F; table 4): The fifth 
through 11th thoracic vertebrae show few differ- 
ences among them. The heads and fossae are more 
or less rounded in outline and are perpendicular to 
the long axes of the bodies. The bodies are almost 
the same length and have smooth ventral surfaces. 
The cranial and caudal costal facets are oval and 
concave, extending dorsolaterally from the upper 
parts of each side of the heads and fossae, respec- 
tively, although the caudal costal facets are more 


T4 YZ T1l 
19.8 19.0 18.3 
15.74x16.34 14.92x18.29 13.86x16.34 
15.88x17.32 14.98x17.95 14.62x17.17 
40.6 393% 36.8 
10.33x12.74 9.94x12.16 9.71x11.8 
@ if ? 

19.8 18.1 22.3 

11.4 8.0 if 


concave. The prezygapophyses and postzygapoph- 
yses are similar to those of T4. The transverse pro- 
cesses are short and stout, with slightly concave 
transverse foveae for the articulations with the 
tubercles of the ribs on T5-7, whereas these facets 
are nearly flat, smaller, and more separated from 
the cranial costal facets on T8-11. The mammil- 
lary processes are often broken off on T5-10, but 
they are probably nodulelike as deduced from T5 
and T10. The spinous processes are not complete, 
but they are probably equally posteriorly extended 
as deduced from relatively complete spinous pro- 
cesses on T5, T6, and T11. 

T12-18: These thoracic vertebrae were pre- 
served in a much poorer condition, and only 
bodies, partial transverse processes and neural 
arches were preserved. The bodies of T12-15 
are similar to those of preceding thoracic verte- 
brae, but with more prominent yet obtuse ven- 
tral crests. The heads and fossae are more 
dorsoventrally compressed on T13-15. The 
transverse foveae for the articulations of the 
tubercles of the ribs tend to adjoin the cranial 
costal facets on T13-14. The body of T16 is 
slightly longer and wider than that of T15, 
whereas those of T17-18 are considerably lon- 
ger and wider than the preceding thoracic ver- 
tebrae with sharp ventral crests. The heads and 
fossae are more dorsoventrally compressed with 
reduced costal facets, and the last thoracic ver- 
tebra lacks caudal costal facets. 
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Lumbar Vertebrae 


Five lumbar vertebrae are preserved in 
AMNH FM 12664, and probably L1 and L5 are 
missing based on the gradual changes of the 
outlines of the heads and fossae and the fit 
between articulated lumbar vertebrae. Thus, 
there should be seven lumbar vertebrae in 
Hyrachyus modestus. Generally only bodies are 
preserved, which bear sharp ventral crests on all 
lumbar vertebrae except for the last. The head 
and fossa are roughly cordiform on L2, and they 
gradually become kidneylike and oval in outline 
posteriorly. The last lumbar vertebra preserves 
a partial transverse process, bearing an oval and 
concave facet on the posterior side for the artic- 
ulation of the wing of sacrum. 

Four lumbar vertebrae are preserved in 
AMNH FM 11662. They are similar to the spec- 
imen of AMNH FM 12664 in having sharp ven- 
tral crests. Furthermore, the lumbar vertebrae 
have concave-convex embracing prezygapophy- 
ses and postzygapophyses, transverse processes 
anterolaterally extended, and the spinous pro- 
cesses slightly anteriorly slanted. 


Sacrum 


The specimen of AMNH FM 12664 pre- 
serves only the first sacral vertebra, which is 
partially broken off and not fused with the rest 
of the sacrum. The body is nearly flat and 
smooth on the ventral surface. The head is a 
dorsoventrally compressed oval in outline. The 
prezygapophyses extend anterodorsally beyond 
the head, bearing a small triangular, concave, 
and dorsomedially oriented facet. Only the par- 
tial right wing was preserved. The wing extends 
laterally and slightly anteriorly, bearing a con- 
vex and oval-shaped facet on the anterior bor- 
der for the articulation with the transverse 
process of the last lumbar vertebra, and an elon- 
gated, dorsolaterally facing articular surface for 
the ilium on the posterior border. 

The sacrum of AMNH FM 11662 pre- 
serves four anterior vertebrae (S1-S4), and S1 
is completely fused with $2. S1 of AMNH FM 
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11662 further differs from $1 of AMNH FM 
12664 in having deeply concave prezygapoph- 
yses that do not extend beyond the head. The 
sacrum is long and narrow with a slightly 
concave ventral surface. The spinous pro- 
cesses are inclined posteriorly. 

COMPARISON OF THE VERTEBRAL COLUMN: 
Based on the brief description and figures of a 
few vertebrae of Heptodon posticus by Radinsky 
(1965a: fig. 5), the vertebrae of H. posticus are 
similar to those of Hyrachyus modestus in hav- 
ing an atlas with a deep, narrow alar notch and 
a posterior orifice of transverse foramen on the 
posterior edge of wing as in Triplopus cubitalis, 
but different from those of Hyrachyus modestus 
by the presence of a more laterally oriented cra- 
nial articular facets on the axis, anteroposteri- 
orly longer ventral tubercles on C2-4, a longer 
spinous process on C4, and a nearly vertical 
spinous process of the last lumbar vertebra. 

A few cervical and thoracic vertebrae of Tri- 
plopus cubitalis (AMNH FM 5065) have been 
described by Cope (1884). The vertebrae of T' 
cubitalis are different from those of Hyrachyus 
modestus in having a more posteriorly placed 
and larger foramen alare inferior of the atlas, 
and oval-shaped cranial articular facets of the 
axis divided into anterior and lateral parts. 

The atlas of Juxia differs from that of 
Hyrachyus modestus by the presence of a shal- 
low alar notch, V-shaped anterior borders of the 
dorsal and ventral arches, a less bowed dorsal 
arch, a relatively wider wing with an expanded, 
rounded posterior end, and a more posteriorly 
placed foramen alare inferior. They are similar 
in having the posterior orifice of the transverse 
foramen on the posterior edge of the wing. The 
C3-6 of Juxia are characterized by the following 
features that differ from those of H.modestus: 
greatly elongated bodies; anteriorly inclined 
heads and fossae, with the former considerably 
higher than the latter; prominently large pre- 
and postzygapophyses, with the former higher 
than the latter; broad, platelike transverse pro- 
cesses without a bifurcation; and a complex 
transverse process of C6. 
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Qiu and Wang (2007) mentioned two char- 
acters that distinguish the thoracic vertebrae of 
Hyrachyus eximius from those of Juxia: an ante- 
riorly slanting proximal end of the spinous pro- 
cess and a well-developed mammillary process. 
The thoracic vertebrae of Juxia further differ 
from those of Hyrachyus modestus by the pres- 
ence of median grooves on the posterior surface 
of the spinous process in the anterior thoracic 
vertebrae, and relatively more ventrally placed 
costal foveae. Based on more complete verte- 
brae of H. eximius (AMNH FM 5065), the tho- 
racic vertebrae of Juxia are similar to those of 
Hyrachyus in having 18 thoracic vertebrae, the 
concave-convex embracing types of the pre- 
and postzygapophyses in posterior thoracic ver- 
tebrae, and a diaphragmatic vertebra. 

Qiu and Wang (2007) determined that Juxia 
differs from Hyrachyus eximius in having 5 or 6 
lumbar vertebrae; furthermore, the lumbar ver- 
tebrae of Juxia have transverse processes that are 
laterally extended except for the last, and that 
have relatively shorter and stouter bodies. They 
are similar in having concave-convex embracing 
facets on the pre- and postzygapophyses. 

The vertebrae of Uintaceras were either heav- 
ily distorted or damaged (Holbrook and Lucas, 
1997). It is worth mentioning that the thoracic 
vertebra labeled “first” was not correctly assigned, 
because it lacks the large prezygapophyses and 
the spinous process is more posteriorly slanted; 
thus, this “first” thoracic vertebra probably is a 
more posterior thoracic vertebra. 


Ribs 


Six complete right ribs (R1-R6) and five left 
ribs (R1-R5) were preserved, as well as a proxi- 
mal end of another and a number of fragmen- 
tary shafts of more posterior ribs. It should be 
mentioned that the letters previously placed on 
the specimens to indicate right and left were 
erroneously reversed: the labeled right ribs 
should be left ones. 

The first rib is short and somewhat curved 
(fig. 11). The head (= capitulum) bears two 
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unequal facets: when the first rib is articulated 
with vertebrae in position, the anterior smaller 
facet (articulating with C7) is anteromedially 
oriented, whereas the larger posterior one 
(articulating with T1) is posteromedially and 
slightly dorsally oriented and is roughly rectan- 
gular in outline. Both facets are slightly convex, 
perpendicular to each other, and separated by a 
shallow groove on the medial side. The neck is 
long and narrow. The tubercle is higher than the 
head when the rib is in articulation. The tuber- 
cle bears an anteroposteriorly convex and elon- 
gated facet, extending from the dorsal part to 
the posteromedial part. The anterior and lateral 
sides of the tubercle are rugose and crossed. by 
a groove. The rib shaft is transversely flat and 
gradually widens toward the distal end. The 
anterior and posterior borders are rounded. On 
the posterior side, below the tubercle is an 
indistinct transverse groove. The distal end 
bears a compressed oval rugose facet for the 
costal cartilage and is curved anteriorly. 

The second rib is much longer than the first 
rib (fig. 11). Compared with the first rib, the 
head of R2 bears two subequal facets with the 
posterior one nearly dorsally oriented, and the 
tubercle bears a smaller and more medially 
extended facet. The anterolateral side of the 
tubercle is rugose without the groove present in 
the first rib. The shaft is transversely com- 
pressed, and becomes wider distally then nar- 
row again at the distal end. The posterior border 
bears a shallow groove below the tubercle, and 
is more rounded than the anterior one. The dis- 
tal end for the costal cartilage is oval in outline 
and less compressed compared with that of R1. 

The third rib is similar to the second rib but 
has a short and wide neck, a wide, shallow 
groove below the tubercle on the posterior bor- 
der, and a rudimentary costal groove on the 
medial side (fig. 11). 

The fourth to sixth ribs are similar to each 
other (fig. 11). The head bears two facets with 
the posterior one larger than the anterior one. 
The neck is short, and the head and the tubercle 
are separated by a relatively shallow groove 
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FIG. 11. Lateral view of the right first six ribs of Hyrachyus modestus (AMNH FM 12664). 


proximally. The tubercle bears a transversely 
elongated oval facet, which is slightly convex 
anteroposteriorly and concave laterally, and 
faces dorsally (when in articulated position, it is 
dorsomedially oriented). The shaft is com- 
pressed laterally with a distinct costal groove on 
the medial surface near the proximal end. The 
distal end has a more or less rounded, rugose 
surface for articulation with a costal cartilage. 
Furthermore, on R4 and R5, below (or, when in 
position, lateral to) the tubercle on the posterior 
border there is a deep depression, bordered dis- 
tally (or laterally in position) by another 
tubercle. 

The proximal part of a more posterior rib is 
preserved. The head is reduced, bearing two 


small facets with a posterior one slightly larger. 
The tubercle bears a rectangular, proximally fac- 
ing, and saddle-shaped facet. Below the tubercle 
is a relatively deep depression. The shaft is 
cylindrical with a cross section quadrilateral in 
outline in the proximal part. 


Sternum 


Three sternebrae are preserved in AMNH 
FM 12664. The manubrium is compressed lat- 
erally with thin and sharp anterior and ventral 
borders. The anterior end extends anterodor- 
sally in front of the surfaces for the first costal 
cartilage. The surface for the first costal carti- 
lage is concave, oval, and dorsally facing. Pos- 
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FIG. 12. Right scapula of Hyrachyus modestus (AMNH FM 12664). A, lateral; B, medial; and C, distal views. 
Abbreviations: isf, infraspinous fossa; ssf, supraspinous fossa. 


terior to this surface, the dorsal border is a 
sharp ridge, and the lateral surface is convex 
above and slightly concave below. The poste- 
rior surface is rough and laterally compressed 
and oval in outline with a constriction in the 
middle on either side, probably for the attach- 
ment of the second costal cartilage. 

Another sternebra is much shorter than the 
manubrium, but is also laterally compressed. 
The anterior surface is relatively higher and 
narrower than the posterior surface. The dor- 
sal surface is a compressed rectangle in out- 
line with a concave surface on either side, 
whereas the ventral border is a rounded ridge. 
The cross section in the middle is roughly tri- 
angular with an apex distally. Another more 
posterior sternebra is cubic with a quadrilat- 
eral cross section. 


BONES OF THE THORACIC LIMB 
Scapula 


The scapula has a slightly convex anterior 
border and straight vertebral and posterior bor- 
ders (fig. 12A, B; table 5). The scapular notch is 
wide and relatively deep. The scapular spine 
arises abruptly from the neck; it is relatively tall 
here, with a moderately developed acromion, 
and maintains nearly the same height up to the 
tuber of spine, which is relatively small, situated 
in the midpoint of the spine, and slightly poste- 
riorly curved (fig. 12A). From the tuber of spine 
to the vertebral border the spine gradually 
decreases in height. The supraspinous fossa is 
slightly larger than the infraspinous fossa. The 
glenoid cavity is circular in outline and concave 
(fig. 12C). The supraglenoid tubercle is moder- 
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TABLE 5 


Measurements of scapulae of Hyrachyus modestus and Hyrachyus eximius (mm) 


Hyrachyus modestus 
(AMNH FM 12664) 


1. Maximum length 
2. Maximum width 
3. Width at distal end 
4, Minimum width at neck 
5. Glenoid cavity, length 
Ratio (%) 

2:1 

4:3 

5:4 


ately developed with a short and distinct cora- 
coid process curving medially (fig. 12C). 

COMPARISON OF THE SCAPULA: Compared 
with the scapula of Hyrachyus modestus, that of 
H. eximius is narrower and longer, with a spine 
rising gradually from the neck and a tuber of 
spine curving posteriorly in the middle, and it 
lacks an acromion (Cope, 1884). 

Heptodon posticus preserves only the glenoid 
end of the scapula, and Radinsky (1965a) recon- 
structed it by extrapolation from known com- 
plete scapulae of “Hyracotherium” (Kitts, 1956) 
and Helaletes. The reconstructed scapula of H. 
posticus is similar to that of Hyrachyus modestus 
(AMNH FM 12664) in having straight vertebral 
and posterior borders, a distinct acromion, a 
coracoid process anteromedially directed (as in 
Triplopus cubitalis, which is missing the greater 
part of the blade in AMNH FM 5065), and a 
supraspinous fossa roughly equal to the infra- 
spinous fossa in size. But the scapula of H. pos- 
ticus differs from that of Hyrachyus modestus by 
the presence of a more convex anterior border, 
and a tuber of spine more proximally situated. 

As determined by Qiu and Wang (2007), the 
scapula of Juxia is different from that of 
Hyrachyus in having a fan-shaped outline with a 
convex vertebral border, a relatively wider neck, 
and a higher spine with a large tuber of spine. 
The last two characters are also present in Uinta- 


Hyrachyus eximius 
(Qiu and Wang, 2007) 


160.0 215 
105.0 130 
33-1 3 
23.0 36 
28.3 5) 
65.6 60.5 
65.4 ? 
123.1 VP 


ceras. The scapula of Juxia further differs from 
that of Hyrachyus modestus in having a larger 
supraglenoid tubercle without a distinct coracoid 
process as in Uintaceras, and an oval glenoid cav- 
ity. The scapulae of Hyrachyus modestus and 
Juxia have prominent acromion processes and 
spines arising abruptly from the necks, whereas 
that of Uintaceras lacks the acromion, and the 
spine arises gradually from the proximal end of 
the neck. Uintaceras has a rounded glenoid cavity 
of the scapula as in H. modestus. 


Humerus 


The humerus of Hyrachyus modestus was 
described based on the specimen of AMNH FM 
12361 (fig. 13; table 6), which is associated with 
a maxilla and mandible. The greater tubercle 
and epicondyles are incomplete, and the proxi- 
mal half of the shaft was compressed during 
fossilization in an anterolateral to posterome- 
dial direction. 

The head is hemispherical, slightly wider than 
long (a condition probably attributable to distor- 
tion), faces more posteriorly than proximally and 
overhangs the shaft posteriorly (fig. 13B). 
Although the greater tubercle is not complete, it 
appears that it was hardly higher than the level of 
the head and curved proximomedially at its ante- 
rior end (fig. 13A). The lesser tubercle is much 
smaller than the greater tubercle. The bicipital 
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groove (= intertubercular groove) is undivided, 
and relatively wide and deep. The deltoid tuber- 
osity, deltopectoral crest, teres tuberosity, and 
supinator ridge (= lateral supracondylar crest) 
were broken off, but were likely weak, as deduced 
from other specimens (Holbrook, 2001). The 
transverse, long axis of the humeral condyle is 
strongly oblique to the long axis of the shaft (fig. 
13A). The trochlea (= medial condyle) is sepa- 
rated by a wide groove from the capitulum (= 
lateral condyle), and is wider than the medial 
part of the capitulum. The capitulum ridge is 
blunt, and the lateral articular shelf of the capitu- 
lum (= capitular tail) is relatively wide, tapers 
distally, and extends slightly proximally. The 
radial fossa is triangular and deep, perforated by 
an oval-shaped supracondylar foramen, which 
may be artificial due to postmortem damage. The 
medial epicondyle is more posteriorly extended 
than the lateral epicondyle. 

COMPARISON OF THE HUMERUS: The 
humerus of Heptodon posticus is different from 
that of Hyrachyus modestus in having a greater 
tubercle arising above the level of the head, a 
lesser tubercle relatively more prominent, and a 
more rounded head. Radinsky (1965a) attrib- 
uted a supracondylar foramen of humerus in H. 
posticus to an artifact, but such a foramen has 
been also reported from H. eximus and Triplo- 
pus cubitalis by Cope (1884). The humerus of H. 
eximius is also characterized by a small proxi- 
mal lappet on the capitulum. 

The humerus of Triplopus cubitalis is differ- 
ent from that of Hyrachyus modestus in having 
a more rounded head, a greater tubercle higher 
above the level of the head as in Juxia and Uin- 
taceras, and a prominent deltoid tuberosity, 
which is even stronger in Juxia and Uintaceras. 
Cope (1884) also determined that the humerus 
of T. cubitalis differs from that of Hyrachyus exi- 
mius in having a relatively larger and deeper 
olecranon fossa with equally elevated bounding 
ridges. The humerus of T. cubitalis is similar to 
that of Hyrachyus modestus in the possession of 
some plesiomorphic characters with a weak 
supinator ridge and a lateral articular shelf of 
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FIG. 13. Left humerus of Hyrachyus modestus 
(AMNH FM 12361). A, anterior; and B, poste- 
rior views. 


the capitulum tapering distally, whereas those 
of Juxia and Uintaceras have more developed 
supinator ridges and lateral articular shelves of 
the capitulum not tapering distally. The proxi- 
mal and distal ends of Juxia and Uintaceras are 
relatively wider than those of Hyrachyus modes- 
tus and Triplopus. 


Radius 


The radii of AMNH FM 12664 and 13089 are 
about as long as the humerus of AMNH FM 
12361 (figs. 14, 15; table 7). The articular fovea 
of the proximal radius is divided by a sagittal, 
blunt ridge into two portions. The medial one is 
rectangular, concave anteroposteriorly, and 
inclined medially, whereas the lateral surface is 
more horizontal, slightly wider than (AMNH 
FM 12664) or as wide as (AMNH FM 13089) 
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TABLE 6 


Measurements of humeri of Hyrachyus modestus and Hyrachyus eximius (mm) 
APD = anteroposterior distance. 


Hyrachyus modestus 
(AMNH FM 12361) 


— 


. Total length 

. Head, width 

. Head, APD 

Shaft, minimum width 

. APD at minimum width 

. Distal end, maximum width 
. Width at humeral condyle 

. Trochlea, APD 

Capitulum, APD 


Co ON DWH FW Ww 


10. Intercondylar Groove, APD 
11. Trochlea, Width 
12. Capitulum, Width 
Ratio (%) 

4:1 

5:4 

6:1 

8:7 

9:8 

12:11 

10:8 

10:9 

aD 


the medial one, tapers laterally and bears a 
broad, shallow (AMNH FM 12664), or rela- 
tively deep (AMNH FM 13089) sagittal groove 
(fig. 15A). The lateral process is nearly absent 
(AMNH FM 12664) or very weak (AMNH FM 
13089). On the posterior side of the head there 
are two confluent facets for the ulna: the medial 
one is striplike and flat, whereas the lateral one 
is larger, boomerang shaped, and slightly con- 
cave (fig. 14B). Below the ulnar facet a rough- 
ened and slightly excavated area, extending 
distally for about 15 mm, accommodates the 
interosseous ligaments. The lateral tuberosity is 
moderately developed (fig. 14A). 


Hyrachyus eximius 
(AMNH FM 5065-A) 
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The radial shaft is arched anteriorly, antero- 
posteriorly compressed proximally, and rela- 
tively thickened distally. A rugosity extends 
proximodistally on the anteromedial side of 
the proximal shaft for the insertion of the bra- 
chialis muscle (fig. 14A, E). On the posterior 
side of the shaft, a prominent ridge extends 
distally and is truncated by smooth areas at 
both ends (fig. 14B). Along the lateral side of 
the ridge is a roughened area for the insertion 
of the interosseous ligaments, whereas the 
roughened area is separated by a narrow, 
smooth surface on the proximal half. On the 
medial side of the ridge there is a rugose area 
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FIG. 14. Right forelimb of Hyrachyus modestus (AMNH FM 12664). A-B, radius. A, anterior; and B, pos- 
terior views. C, ulna in anterior view. D—E, articulated radius and ulna. D, lateral; and E, medial views. 
Abbreviations: Icp, lateral coronoid process; mcp, medial coronoid process. 


on the proximal half and a smooth, slightly 
concave area on the distal half. 

On the distal end, the scaphoid facet is wider 
than the lunar facet, is concave anterolaterally 
and convex posteromedially, and extends onto 
the posterior side as a half cylinder with a lat- 
eral semiconical extension posterior to the 
lunar facet and separated from the latter by a 
narrow groove (figs. 14B, 15B). The medial sty- 
loid process is moderately developed. The lunar 
facet is concave anteroposteriorly. On the pos- 
terolateral side of the distal end is a small facet 
for the ulna. On the anterior surface of the dis- 
tal end there is a wide and relatively deep 
groove extending obliquely toward the medial 
side (fig. 14A). The groove is bordered bilater- 
ally by prominent ridges and is for the passage 
of the tendon of the extensor carpi radialis. 

COMPARISON OF THE RADIUS: Three radii of 
Hyrachyus eximius (AMNH FM 5065-A, 93050, 
and 12225) are very similar to that of Hyrachyus 


modestus. However, the former has a deeper 
sagittal groove of the articular fovea, and some- 
times an anterior inclined lateral process 
(AMNH FM 93050 and 12225). Cope (1884) 
mentioned the presence of a cuneiform facet on 
the distal end of the radius in Hyrachyus exi- 
mius, a character similar to that of Juxia but dif- 
ferent from those of Hyrachyus modestus, 
Triplopus, and Uintaceras. 

The radius of Heptodon differs from that of 
Hyrachyus modestus by the presence of a more 
concave lateral surface of the articular fovea, a 
lateral process of the articular fovea (in Heptodon 
calciculus), and a lunar facet slightly wider than 
a scaphoid facet (in H. calciculus). They are simi- 
lar in having a shaft slightly bowed anteriorly and 
a medial styloid process moderately developed. 

The radius of Triplopus cubitalis is character- 
ized by a ridge dividing the subequal scaphoid 
and lunar facets on the distal end as in Juxia 
and Uintaceras, whereas in H. modestus such a 
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FIG. 15. Proximal and distal ends of right forelimbs 
of Hyrachyus modestus (AMNH FM 12664). A, 
proximal view of radius; B, distal view of radius 
and ulna. 


dividing ridge is absent, and the scaphoid facet 
is wider than the lunar facet. Furthermore, the 
articular fovea of T. cubitalis is rectangular in 
outline with rounded corners, whereas that of 
Hyrachyus modestus, Juxia, and Uintaceras is 
constricted laterally. All of them lack the lateral 
process of the articular fovea. The radii of Tri- 
plopus and Juxia are considerably longer than 
the humeri, whereas the radius is as long as the 
humerus in Hyrachyus modestus and even 
shorter than the humerus in Uintaceras. 


Ulna 


The shaft is arched anteriorly and compressed 
mediolaterally. The olecranon is relatively long 
and extends proximoposteriorly with a deeply 
concave medial surface and a convex lateral sur- 
face (fig. 14D, E; table 8). Thus, the olecranon is 
slightly curved medially. The olecranon tuberos- 
ity is flat on the proximal end and rugose on the 
medial, lateral, and posterior surfaces. The pos- 
terior rugose surface extends distally to the level 
of the middle of the trochlear notch. The troch- 
lear notch is concave proximodistally and convex 
mediolaterally with the lateral half wider and 
more proximally extended than the medial half 
(fig. 14D, E). The medial and lateral aspects of 
the coronoid process bear roughly equal-sized, 
oval facets for the humerus, with the lateral one 
more concave. A wide synovial fossa is present 
between the distal surface of the anconeal pro- 
cess and coronoid facets, as well as between the 
coronoid facets, except for the continuous medial 
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border (fig. 14C). Just below the coronoid facets 
there are two facets for the radius: the medial one 
is flat and striplike, whereas the lateral one is 
much larger and slightly convex (fig. 14C). The 
rotation between the radius and ulna is very lim- 
ited. Below the radial facets there is a roughened 
and excavated area for the insertion of the inter- 
osseous ligament. 

The shaft is compressed mediolaterally. A 
prominent, roughened ridge extends from the 
lateral coronoid process and runs along the 
anterior border of the shaft (fig. 14C, D). The 
anterior edge of the medial side of the shaft is a 
relatively sharp ridge, extending from the 
medial coronoid process to the distal epiphysis. 
These two ridges border the narrow anterior 
surface of the shaft. On the lateral side, a scar 
for the lateral digital extensor muscle is present 
below the lateral coronoid process, and then 
diverges into two ridges distally (fig. 14D). The 
posterior one forms the posterior border of the 
lateral side, whereas the anterior ridge becomes 
indistinct distally. Distally, the shaft is excavated 
to fit the swollen distal end of the radius. A 
small radial facet is present at the anteromedial 
side of the distal end (fig. 14C). 

The distal end bears a roughly triangular 
cuneiform facet (fig. 15B), which is concave 
anteroposteriorly and convex laterally. Postero- 
medial to the cuneiform facet, there is a roughly 
oval, convex pisiform facet, which is subequal 
in size with the cuneiform facet (fig. 14D). 

COMPARISON OF THE ULNA: The ulna of 
Hyrachyus eximius is nearly identical to that of 
H. modestus, however, the former has a less lat- 
erally compressed and medially twisted shaft. 

The ulna of Heptodon is very similar to that of 
Hyrachyus modestus, except that the former has 
a more proximally projected olecranon with a 
less concave medial side, and a shaft slightly less 
laterally compressed and less bowed anteriorly. 
They are similar in having a pisiform facet nearly 
subequal in size with the cuneiform facet. 

The ulna of Triplopus cubitalis is mainly dif- 
ferent from that of Hyrachyus modestus in having 
an olecranon more proximally extended, a shaft 
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TABLE 7 


Measurements of radii of Hyrachyus modestus and Hyrachyus eximius (mm) 
APD = anteroposterior distance; PAF = proximal articular facet. 


Hyrachyus modestus 
(AMNH FM 12664) 


— 


. Total length 

. Proximal end, width 
. Proximal end, APD 
. Distal end, width 

. Distal end, APD 


. Width at middle of shaft 

. APD at middle of shaft 

. Medial PAF, widthx APD 
10. Lateral PAF, widthx APD 
11. Lunar facet, APD 
12. Scaphoid facet, APD 
Ratio (%) 

2:1 

4:1 

of VD: 

12:11 


2: 
3 
4 
5 
6. Distal articular facet, width 
7 
8 
9 


« Approximate measurements. 


much slender on its distal two-thirds and less 
bowed anteriorly, but they are similar in having 
narrow coronoid processes. The ulnae of Juxia 
and Ujintaceras have wide coronoid processes; 
however, the former possesses a wide and nearly 
posteriorly extended olecranon and a relatively 
slender shaft, whereas the latter has a postero- 
proximally extended olecranon and a stout shaft. 
The ulnae of Triplopus and Juxia are considerably 
longer than the humeri, whereas the ulna is 
slightly longer than the humerus in Hyrachyus 
modestus and as long as that in Uintaceras. 


Carpals 


SCAPHOID (fig. 16A-D; table 9): On the 
proximal side, the outline of the radial facet is 
roughly rhomboid with a rounded anteromedial 
border (fig. 16A). The surface is slightly convex 
at the anterolateral part, and concave or nearly 


Hyrachyus eximius 
(AMNH EM 93050) 


158.0 210.0 
250) 39:9 

17.0 24.9 

25, 40.5 

198i Zod 

24.0 327 

17.0 24.0 

11.0 15.6 
12.3x16.3 19.9x23.2 
14.1x15.2 23.1x22.0 
10.6 16.3 

13.3 18.6 

15.8 19.0 

15.9 19:3 

67.8 60.1 
L252. 113.8 


planar at the posteromedial portion. The poste- 
rior process is inclined medially with a rela- 
tively wide and truncated posterior end. On the 
lateral side, there are two lunar facets (fig. 16B). 
The proximal facet is relatively wide and convex 
anteroposteriorly, and is thus embraced by the 
lunar in proximal view; the distal lunar facet is 
much narrower, and confluent with the poste- 
rior magnum facet on the posterior end. Dis- 
tally, there are three facets for the magnum, 
trapezoid, and trapezium, respectively (fig. 
16C). The magnum facet is concave anteropos- 
teriorly and is roughly triangular in outline with 
a convex anterior border and an elevated, 
pointed posterior end, where it curves slightly 
onto the lateral side. The trapezoid facet is 
larger than the magnum facet, roughly square 
in outline, slightly concave, and separated from 
the magnum facet by a weak ridge. On the pos- 
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TABLE 8 


Measurements of ulnae of Hyrachyus modestus and Hyrachyus eximius (mm) 
APD = anteroposterior distance; W = width; L = length; post-super. = posterosuperior. 


. Total L 


— 


2. Trochlear notch, height 
3. W at upper 1/3 of trochlear notch 
4, Trochlear notch, maximum W 
5. Olecranon, height 
6. Olecranon, W 
7. L of post-super. border of olecranon 
8. W at middle of shaft 
9. APD at middle of shaft 
10. Cuneiform articular facet, W 
11. Cuneiform articular facet, APD 
Ratio (%) 
3:4 
2:5 
6:7 
8:9 
10:11 


teromedial side of the trapezoid facet, there is a 
small trapezium facet, directed more distally 
than posteriorly. An anteroposteriorly convex, 
half-cylindric surface occupies the distal part of 
the posterior process, separated from the trap- 
ezoid facet by a deep groove. In anterior and 
medial views, the distal process formed by the 
anterior magnum facet is rather weak, and the 
trapezoid facet is only slightly more proximal 
than the magnum facet (fig. 16D). 

Lunar (fig. 16E-J; table 9): In proximal view, 
the anterior part of the radial facet is a trans- 
versely elongate half cylinder, convex anteropos- 
teriorly and slightly inclined toward the medial 
side. The radial facet extends posteriorly in the 
middle as a flat, striplike surface (fig. 16E). On 
the medial side, there are two facets for the 
scaphoid (fig. 16F). The proximal one is wider 
and longer than the distal one, and the former is 
concave anteroposteriorly, embracing the scaph- 


Hyrachyus modestus 
(AMNH FM 12664) 


Hyrachyus eximius 
(AMNH EM 93050) 


194.0 £ 
2920 30.5 
11.6 16.4 
21.9 32.0 
38.5 46.4 
15,1 18.8 
26.8 34.0 

8.3 16.1 
14.4 16.6 
12.8 ? 

9.4 ? 
53.0 oy Rell 
61.0 65.7 
56.5 Boi) 
57.6 96.9 

136.6 ‘ 


oid. The distal scaphoid facet is rather narrow 
and confined to the anterior half. Laterally, there 
are two flat facets for the cuneiform (fig. 16G). 
The proximal one is oval in outline and short, 
whereas the distal one is lunate and nearly twice 
the length of the proximal one. ‘The distal side 
bears two facets. The unciform facet occupies the 
anterolateral portion and is trapezoidal in outline 
with a posterior apex, is concave anteroposteri- 
orly, and is flat transversely (fig. 16H, I). The 
magnum facet is composed of two parts: the 
anterior one is nearly vertical, quadrilateral in 
outline, flat, and confluent with the distal scaph- 
oid facet; the posterior one occupies the postero- 
medial portion, is spherically concave, and faces 
mediodistally (fig. 16F, H, 1). 

CUNEIFORM (fig. 16J-M; table 9): In antero- 
lateral view, the cuneiform is trapezoidal in out- 
line and wider than high (fig. 16M). On the 
proximal surface, the ulnar facet is roughly 
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FIG. 16. Right proximal carpals of Hyrachyus modestus (AMNH FM 12664). A—D, scaphoid. A, proximal; 
B, lateral; C, distal; and D, medial views. E-I, lunar. E, proximal; F, medial; G, lateral; H, distal; and I, 
anterior views. J—M, cuneiform. J, proximal; K, medial; L, distal; and M, lateral views. N-R, pisiform. N, 
proximal; O, distal; P, lateral; Q, medial; and R, anterior views. Abbreviations: c, cuneiform; 1, lunar; m, 
magnum; p, pisiform; r, radius; s, scaphoid; td, trapezoid; tm, trapezium; u, unciform; ul, ulna. 


quadrilateral in outline, wider than long, 
anteroposteriorly concave, and transversely flat 
(fig. 16J, M). The pisiform facet is striplike and 
concave anteroposteriorly, extending toward the 
posterolateral side (fig. 16J, M). The medial side 
is relatively high and narrow, bearing two facets 
for the lunar: one flat, rectangular, and proxi- 
mal, and the other slightly convex, lunate, and 
distal (fig. 16K). The distal surface forms a right 
triangle in outline and is concave anteroposte- 
riorly and flat transversely (fig. 16L). 

PISIFORM (fig. 16N-R; table 9): The anterior 
end of the pisiform bears two equal-sized facets 
for the ulna and cuneiform. The ulnar facet is 
slightly concave and faces anteroproximally, 


whereas the cuneiform facet is flat and faces 
anterodistally (fig. 16N, O, R). In lateral view, 
the angle between the two facets is slightly less 
than 90° (fig. 16P). On the medial side of the 
anterior end there is a tubercle (fig. 16Q, R). 
The posterior process is slightly proximodistally 
expanded and curved medially. 

TRAPEZIUM: The trapezium is not pre- 
served in AMNH FM 12664, though its pres- 
ence is indicated by facets on the scaphoid, 
trapezoid, and second metacarpal. One artic- 
ulated manus with the trapezium of H. 
modestus (AMNH FM 13089) has three fac- 
ets, and the trapezoid and Mc II facets are 
about equal in size in lateral view. 
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TABLE 9 
Measurements of carpals of Hyrachyus modestus (AMNH FM 12664) (mm) 
Measurements correspond to those of Qiu and Wang (2007: table 14-17, 41-42, 46). 
Scaphoid Lunar Cuneiform Pisiform Trapzoid Magnum Unciform 

1. 14.2 15.6 15.3 23.7 14.5 8.9 £5:3 
Phe 12.8 12.6 8.7 11.5 14.1 16.8 15.2 
3. 9.1 14.1 17.7 10.7 11.2 9.9 17.8 
4. 19.2 16.7 9.32x8.85 12.9 17.0 25.6 21.4 
5. 12.46x 4.0 - 7.3 9.90x 6.5x 8.2 

14.58 16.61 8.8 
6 7.77X 8.2 10.24x9.5 6.95x 11.42x 8.55x 9:3 

9:15 7,59 13:87 8.64 
7 6.12x ~70 = 6.42x = 9.88x 8.9 

10.19 8.26 12.09 
8. — — — — — — 9.6 
9. — — = = — — EZ 

Ratio (%) 

1. 110.9 80.5 176.7 205.8 97.2 52.6 70.9 
2. 74.1 84.5 86.7 183.8 129.2 89.3 83.2 
3: 66.8 204.2 49.1 L773 85.7 169.8 88.3 
4. — — 107.8 = 66.3 38.8 93.0 
5. — — — — — 34.6 70.3 
6 — — — 


: = = 73.3 — 


TRAPEZOID (fig. 17A-D; table 9): A left trap- 
ezoid is preserved in AMNH FM 12664. The 
bone is elongated anteroposteriorly. The ante- 
rior surface is rugose and roughly rectangular 
in outline with a convex distal border. Proxi- 
mally, the scaphoid facet is an irregular quadri- 
lateral and generally flat (fig. 17A). On the 
medial side there is a trapezoidal, slightly con- 
cave facet for the trapezium, which is smoothly 
continuous with the proximal surface but sepa- 
rated from the distal surface by a distinct ridge 
(fig. 17B). On the lateral side there is a rectan- 
gular and concave facet for the magnum, which 
is separated from the proximal surface by a dis- 
tinct ridge but smoothly continuous with the 
distal surface (fig. 17C). Distally, the Mc II facet 
is an anteroposteriorly elongate oval, and saddle 
shaped with an anteroposteriorly concave and 
laterally convex surface (fig. 17D). The posterior 
process is absent. 


Macnvo (fig. 17E-I; table 9): The magnum 
has a rectangular anterior surface, a relatively 
low hump, and a large, medially curved poste- 
rior process. The scaphoid facet is composed of 
two parts: the anterior part is nearly horizontal, 
slightly convex anteroposteriorly and concave 
laterally, whereas the posterior part is on the 
medial side of the hump and is narrow and ver- 
tical (fig. 17E, F, I). The lunar facet has roughly 
equal-sized anterior and posterior portions: the 
anterior one is flat and vertical, whereas the 
posterior one covers the top of the hump and is 
convex anteroposteriorly (fig. 17E, G). On the 
medial side there is a slightly anteroposteriorly 
convex trapezoid facet (fig. 17F), which becomes 
narrower toward the anterior side. Distal to the 
trapezoid facet there is a large, flat, and vertical 
Mc II facet (fig. 17F). On the lateral side there 
is a flat unciform facet, which is confluent with 
the anterior lunar facet and nearly as large as 
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FIG. 17. Right distal carpals of Hyrachyus modestus (AMNH FM 12664). A—D, trapezoid. A, proximal; B, 
medial; C, lateral; and D, distal views. E-I, magnum. E, proximal; F, medial; G, lateral; H, distal; and I, 
anterior views. J—-N, unciform. J, proximal; K, medial; L, lateral; M, distal; and N, anterior views. Abbrevia- 
tions: c, cuneiform; 1, lunar; m, magnum; s, scaphoid; td, trapezoid; tm, trapezium; u, unciform; II, HI, 


IV, and V, second, third, fourth, and fifth metacarpals. 


the latter (fig. 17G). On the distal side, the Mc 
III facet is concave anteroposteriorly and 
slightly convex mediolaterally, occupying the 
anterior half of the distal surface (fig. 17H, I). 
UnciForM (fig. 17J-N; table 9): The unci- 
form is wider than high and has a relatively 
short posterior process (fig. 17J, N). The proxi- 
mal surface is divided by a blunt ridge into 
approximately equal-sized lunar and cuneiform 
facets (fig. 17J, N). The lunar facet is roughly 
rhomboidal in outline, flat at the anteromedial 
corner, and convex at the posterolateral part. 
The cuneiform facet is triangular in outline, 
convex anteroposteriorly, and slightly concave 
laterally (fig. 17J). This facet descends on the 
posterior side (fig. 17L). On the medial side 
there are two confluent and striplike facets (of 
approximately equal size) for the magnum and 
the third metacarpal (fig. 17K). The medial 


articular surface curves gently to join the distal 
surface, which bears approximately equal-sized, 
anteroposteriorly concave facets for the fourth 
and fifth metacarpals (fig. 17M). 


Metacarpals 


The right Mc II-IV of AMNH FM 12664 are 
articulated in situ with the trapezoid and mag- 
num, whereas the left Mc II-V are isolated and 
the proximal ends of Mc HI-IV are broken. The 
description of the metacarpals is based on 
AMNH FM 12664 (Mc II-V) (table 10) and 
91775 (Mc III). 

Mc II (fig. 18A-D): Mc II is shorter than Mc 
III and nearly as long as Mc IV. In proximal view, 
the trapezoid facet is oval in outline, saddle 
shaped, and concave anteriorly and convex pos- 
teriorly (fig. 18C). On the posteromedial side of 
the trapezoid facet there is a small, convex facet 
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TABLE 10 


Measurements of metacarpals (Mc) of Hyrachyus modestus (AMNH FM 12664) (mm) 
APD = anteroposterior distance; DAF = distal articular facet. 


Mc II 
1. Total length 71.0 
2. Proximal end, width 8.5 
3. Proximal end, APD 17 
4, Distal end, width 12.4 
5. DAF, width 11.2 
6. Distal end, APD 113 
7. Width at midshaft 9.7 
8. APD at midshaft 6.8 
Ratio (%) 
2:1 12.0 
4:1 17.5 
2:3 54.4 
5:6 99.6 


for the trapezium. On the lateral side of the prox- 
imal end there is a striplike and nearly vertical 
facet for the magnum. A small process extends 
anterolaterally from the proximal end of the dor- 
sal surface, with a small, flat, posterodistally fac- 
ing facet for the Mc III on the posterior side (fig. 
18A, B). The shaft is somewhat laterally com- 
pressed and slightly bowed medially. The distal 
end is asymmetrical, and the medial groove on 
the medial side of the sagittal ridge is deeper and 
wider than the lateral one (fig. 18D). 

Mc UI (fig. 18E-I): Mc III is the largest of 
the metacarpals (AMNH FM 91775). In proxi- 
mal view, the magnum facet is roughly triangu- 
lar in outline, strongly convex anteroposteriorly, 
and slightly concave laterally (fig. 18H). The 
magnum facet extends more distally on the pos- 
terior side than on the anterior side (fig. 18E, 
G). On the anteromedial side of the magnum 
facet there is a small, anterodistally inclined 
facet for the Mc II (fig. 18E, F). On the lateral 
side of the magnum facet there is a triangular, 
laterally inclined, and slightly convex facet for 
the unciform, which is separated from the mag- 
num facet by a sharp ridge and bordered poste- 
riorly by a wide notch (fig. 18F-H). The Mc IV 


Mc III Mc IV Mc V 
78.5 66.3 49.7 
14.3 if 8.3 

if ? 9:9 
172 12.5 10.6 
13.9 10.5 I 
11.1 12.1 8.8 
17 93 7.7 
7.6 6.5 5.1 
18.2 4 16.7 
29 18.8 ZL 

@ if 84.0 

125.0 86.2 90.2 


facet consists of two facets (fig. 18G): the ante- 
rior one is overhung by the unciform facet with 
a slightly concave, laterodistally facing surface; 
the posterior Mc IV facet is nearly vertical and 
planar, separated from the anterior facet by a 
rugose area. The shaft is straight and anteropos- 
teriorly compressed. The distal end is symmet- 
rical with the blunt sagittal ridge extending to 
the midline of the distal surface (fig. 181). 

Mc IV: Mc IV is shorter than Mc II, but the 
only preserved Mc IV on the manus of AMNH 
FM 12664 is covered by sediment matrix on its 
medial side. Proximally, the unciform facet is 
triangular in outline, convex anteroposteriorly, 
and slightly concave laterally. The anterior Mc 
II facet is small, flat, and mediodistally inclined, 
forming an obtuse angle with the unciform 
facet from the anterior view. The posterior Mc 
III facet is not visible but is probably oval 
shaped based on the corresponding facet of Mc 
III. On the lateral side of the proximal end, 
there is a narrow, striplike, and laterally concave 
facet for the Mc V, beneath which a shallow 
fossa is present. The shaft is slightly laterally 
curved and the distal end is asymmetric and 
mirrors that of Mc IL. 
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FIG. 18. Partial metacarpals of Hyrachyus modestus. A—D, right second metacarpal (AMNH FM 12664). 
A, anterior; B, lateral; C, proximal; and D, distal views. E-I, left third metacarpal (AMNH FM 91775). E, 
medial; F, anterior; G, lateral; H, proximal; and I, distal views. J-M, right fifth metacarpal (AMNH FM 
12664). J, anterior; K, medial; L, proximal; and M, distal views. Abbreviations: m, magnum; td, trapezoid; 
tm, trapezium; u, unciform; II, III, and IV, second, third, and fourth metacarpals. 


Mc V (fig. 18J-M): Mc V is functional with 
three phalanges as induced from that of H. exi- 
mius. The length of Mc V is about three-fifths 
that of Mc II. On the proximal end, the unci- 
form facet is roughly trapezoidal in outline, 
slightly convex anteroposteriorly with an exten- 
sion onto the posterior surface, and slightly 
concave laterally with a raised lateral border 
(fig. 18J-L). On the medial side of the unciform 
facet there is a narrow, striplike, and vertically 
placed Mc IV facet (fig. 18K). On the lateral 
surface of the proximal end there are two rugose 
depressions with the anterior one considerably 
larger than the posterior one. The shaft is more 
laterally curved than that of Mc IV, and the 
medial border is somewhat convex in anterior 
view. The distal end is more asymmetrical than 


that of Mc IV in having a more distally extended 
medial portion (fig. 18M). 

A reconstruction of the manus is shown in 
figure 19. 

COMPARISONS OF THE MANUS: The most 
conspicuous feature of manus in Hyrachyus exi- 
mius, according to the figure by Cope (1884: pl. 
55, fig. 3), lies in the distal surface of lunar bear- 
ing symmetrical, equally divided magnum and 
unciform facet in the anterior view; however, 
after checking the specimen AMNH FM 5065, 
the lunar of H. eximius is similar to that of H. 
modestus in having a large, horizontal unciform 
facet and a narrow, nearly vertical magnum 
facet in the anterior view. The manus of H. exi- 
mius (AMNH FM 1602) differs from that of H. 
modestus by the possession of a more promi- 
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FIG. 19. Reconstruction of right manus of 
Hyrachyus modestus based on AMNH FM 12664 
and 91775. 


nent distal process of the scaphoid with a rela- 
tively larger, laterodistally directed posterior 
magnum facet, a L-shaped outline of the cunei- 
form in the lateral view, an elongated cuneiform 
facet of the pisiform, a magnum with a rhombic 
anterior surface, a higher hump, and a nearly 
flat anterior scaphoid facet, and the anterolat- 
eral process of Mc II all but entirely absent. 
The manus of Heptodon posticus is different 
from that of Hyrachyus modestus in having a 
scaphoid with a tear-shaped facet for the radius 
and without the trapezium facet, a posterior 
magnum facet of the lunar probably facing more 
laterally but less distally, and a higher hump of 
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the magnum. They are similar in having a lunar 
with a nearly horizontal unciform facet and a 
small, nearly vertical anterior magnum facet, a 
pisiform with equal facets for the ulna and cunei- 
form, and a functionally tetradactyl manus. 

The manus of Triplopus differs from that of 
Hyrachyus modestus in being relatively higher 
and narrower, and in having a more oblique and 
concave trapezoid facet of the scaphoid, continu- 
ous proximal facets for the ulna and pisiform of 
the cuneiform (the two facets are bordered by a 
distinct ridge in Juxia and Uintaceras), a larger 
trapezoid, an anteroposteriorly convex anterior 
scaphoid facet, a much more concave Mc III 
facet of the magnum, a remarkably long poste- 
rior process of the unciform, and a functional 
tridactyl manus with a highly reduced Mc V. 
They are similar in having a scaphoid embraced 
by the lunar with a long contact in the proximal 
view as in Uintaceras, whereas in Juxia the scaph- 
oid-lunar contact is more anteroposteriorly 
extended in the proximal view. 

The manus of Juxia and Uintaceras are tetra- 
dactyl as in Hyrachyus modestus, but the manus 
of Juxia is relatively higher and narrower, with a 
more reduced Mc V. The manus of Uintaceras is 
very similar to that of Hyrachyus modestus in 
having a wide facet for the radius in the lunar, 
and a moderately concave Mc III facet of the 
magnum, whereas the manus of Juxia has a lunar 
with a narrow facet for the radius, and probably 
a more concave Mc III facet of the magnum. The 
manus of Juxia is also characterized by the pres- 
ence on the cuneiform of a small facet for the 
radius. On the other hand, the manus of Uintac- 
eras is different from that of Hyrachyus modestus 
in having a more oblique trapezoid facet of the 
scaphoid, and a pentagonal outline of the ante- 
rior surface of the magnum. 


Phalanges 


Several isolated phalanges of AMNH FM 
12664 were assigned to the manus, since the pes 
was not preserved in AMNH FM 12664. How- 
ever, it is hard to distinguish the phalanges in 
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different lateral digits, and from manus to pes 
as noted by Qiu and Wang (2007). 

PROXIMAL PHALANGES (fig. 20A, B): The 
proximal phalanx of the middle digit (II) is 
higher (proximodistally, 19.3 mm) than wide 
(15.6 mm) (fig. 20A). The proximal surface is 
concave and oval in outline with an indentation 
on the posterior border. A shallow median 
groove is present on the posterior half of the 
proximal surface. On the posterior side of the 
proximal end there are two relatively small 
tubercles. The distal end mainly faces distally 
and is anteroposteriorly convex with a wide, 
shallow groove in the middle and a small 
“pseudo-articular facet” on the anterior surface. 

The proximal phalanx of the lateral digits is 
more laterally compressed but less anteroposteri- 
orly compressed than that of the middle digit 
(fig. 20B). The phalanx is about 18.0 mm long 
and 12.2 mm wide across its proximal end. The 
proximal surface is roughly round with a shallow 
indentation on the posterior border, and moder- 
ately concave. ‘The lateral side of the proximal 
end is more posteriorly extended and thicker 
than the medial side. The distal end is generally 
flat, slightly concave transversely, and asymmet- 
rical with the medial side slightly thicker, more 
distally facing, and less proximally extended on 
the posterior side than the lateral side. 

MIDDLE PHALANGES (fig. 20C, D): The mid- 
dle phalanx of the middle digit is slightly wider 
(13.5 mm) than high (proximodistally, 13.0 
mm) (fig. 20C). The proximal surface is oval in 
outline without an indentation on the posterior 
border, and anteroposteriorly concave. The dis- 
tal end is symmetrical and anteroposteriorly 
convex with a moderately deep median groove. 

The middle phalanx of the lateral digit is 
more laterally compressed but less anteroposte- 
riorly compressed than that of the middle digit 
(fig. 20D). The phalanx is about 12.2 mm long 
and 10.1 mm wide across its proximal end. The 
proximal surface is irregularly oval in outline 
with the lateral part thicker and more proxi- 
mally extended than the medial one. The distal 
end is similar to that of proximal phalanx of the 








FIG. 20. Partial phalanges of Hyrachyus modestus 
(AMNH FM 12664). A, anterior and posterior 
views of proximal phalanx of middle digit; B, ante- 
rior and posterior views of proximal phalanx of 
lateral digit; C, anterior and posterior views of 
middle phalanx of middle digit; D, anterior and 
posterior views of middle phalanx of lateral digit. 


lateral digit, but is more convex anteroposteri- 
orly with a deeper longitudinal groove. 

DISTAL PHALANGES: Three fragmentary distal 
phalanges are preserved in AMNH FM 12664. 
The distal phalanx is generally hooflike and flat 
with a relatively deep fissure on the distal end. 
The middle distal phalanx is symmetric, whereas 
the lateral distal phalanx is asymmetric. 
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TABLE 11 


Measurements of innominates of Hyrachyus modestus and Hyrachyus eximius (mm) 


Hyrachyus modestus 
(AMNH FM 11662) 


— 


. Total length 

Ilium, length 

Iliac wing, width 

Iliac body, width 

Ischium, length 

Ischium, width 
Acetabulum, lengthxwidth 
Obturator, lengthxwidth 


SOs = 2900 TN. DN: Gg HE ah 


Pelvic symphysis, length 
Ratio (%) 

12 

1:3 

IS 

3:4 


Hyrachyus eximius 
(Qiu and Wang, 2007) 


243.0 280° 

146.0 145? 

150.0 148° 

24.6 30 

90.0 110 

57.8 2 
31.98x29.89 2 
47.29x19.72 41x34 
80.98 ~73> 

166.4 9.7 

162.0 1S RIL 

270.0 Doi, 

608.8 90.4 


* Approximate measurements; » measured from the plates. 


COMPARISONS OF THE PHALANX: The proxi- 
mal phalanx of the middle digit of Heptodon 
posticus is relatively higher and narrower (the 
ratio of the length to the width is about 131%) 
than that of Hyrachyus modestus (the ratio is 
123%) (Radinsky, 1965a). Further, the distal 
phalanx of H. posticus has a rather shallow fis- 
sure on the distal end, whereas that of H. 
modestus is deep. The proximal phalanx of the 
middle digit of Triplopus cubitalis has a similar 
ratio of the length to the width (125%) as that 
of Hyrachyus modestus (Qiu and Wang, 2007: 
table 20), but the former has a deeper fissure of 
the distal phalanx reaching the middle of the 
length. The proximal phalanx of the middle digit 
of Uintaceras is relatively shorter and wider, and 
has a shallower indentation and median groove 
of the proximal surface than that of Hyrachyus 
modestus. The proximal phalanx of the middle 
digit of Juxia is characterized by a deep median 
groove on the proximal surface reaching almost 
to the anterior margin, and the ratio of the 
length to the width is about 118.9% (Qiu and 
Wang, 2007: table 20). 


BONES OF THE PELVIC LIMB 


Innominate Bones 


Of the innominate bones, AMNH FM 
12664 preserves only a broken right ilium. The 
specimen of AMNH FM 11662, however, has 
more complete left and right innominate bones 
(table 11). 

The wing of the ilium is hammer shaped and 
the body is more or less laterally compressed 
(figs. 21-22). Its gluteal surface (= lateral sur- 
face) is flattened ventrally and concave dorsally 
(fig. 22A, B). The gluteal line is indistinct. The 
medial surface (= sacropelvic surface) is convex 
with a rough medial part for articulation with 
the sacrum and a generally smooth lateral part; 
the latter bears a ridge extending toward the 
coxal tuberosity, which is more prominent on 
AMNH FM 12664. The ilio-pectineal line is 
weak and bears a prominent psoas tubercle near 
the acetabulum. A possible arcuate line is dis- 
tinct on the specimen of AMNH FM 11662. 
The iliac crest is concave (fig. 22A, B). The 
greater ischiatic notch is deeply concave with a 
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wing of ilium 






ischiatic table 


body of ischium 






ischiatic table 


FIG. 21. Innominate of Hyrachyus modestus (AMNH FM 11662). A, dorsal; and B, ventral views. 


slight convexity in the middle and is continuous 
with the long, narrow, rough ischiatic spine, 
which is bordered posteriorly by a shallow 
notch (fig. 22A, B). The lateral border is also 
very concave. The sacral tuberosity extends dor- 
sally and is widely quadrangular in outline (fig. 
22A). The coxal tuberosity is long and narrowly 
quadrangular in outline, extending anterolater- 
ally (fig. 22A). The body is relatively long, nar- 
row, and transversely compressed with a 
narrowly triangular cross section. Two depres- 
sions for the rectus femoris muscle are present 
anterodorsal to the acetabulum. On AMNH FM 
12664, the more medial depression is much 
larger and deeper than the lateral one, whereas 
the lateral depression is larger than the medial 
one on the specimen of AMNH FM 11662. 
The ischium is incomplete with a broken 
symphyseal branch. ‘The ischiatic table is irregu- 
larly quadrangular in outline, and wider than 
long. The dorsal surface is slightly convex, 
whereas the ventral surface is generally concave 
(fig. 21A, B). The anterior border of the ischiatic 


table forms the posterior border of the obtura- 
tor foramen. ‘The cross section of the body is 
roughly semicircular in outline with a slightly 
concave lateral border and rounded medial bor- 
der. The posterior border of the ischium is 
rough, forming the ischiatic arch with its coun- 
terpart. The lesser ischiatic notch is widely con- 
cave (fig. 22A, B). 

The dorsal surface of the pubis is concave 
transversely and slightly convex anteroposteri- 
orly. The ventral surface is concave (fig. 21B). 
The anterior border is rough, wide laterally, 
becoming narrower medially, then swollen 
again at the symphyseal border. The iliopectin- 
eal eminence is indistinguishable. The posterior 
border is thin and forms the anterior border of 
the obturator foramen. 

The acetabulum forms a hemispherical cav- 
ity that is anteriorly placed such that the ante- 
rior rim of the pubis is located behind its 
anterior border (figs. 21B, 22A, B). The articu- 
lar surface is crescentic, and the acetabular 
notch is wide and U-shaped. The obturator 
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FIG. 22. Innominate of Hyrachyus modestus (AMNH FM 11662). A, right lateral; and B, left lateral views. 


foramen is oval in outline, and longer than 
wide with the long axis extending anteriorly 
and slightly laterally. 

COMPARISONS OF THE INNOMINATE BONE: 
Cope (1884) described the innominate bone of 
Hyrachyus eximius (AMNH FM 5065). It is 
nearly identical to that of H. modestus (AMNH 
FM 11662) except it is slightly larger. Further, it 
is clear that the ischia of H. eximius do not fuse 
with each other and are separated by a long fis- 
sure except at their anterior and posterior ends. 

The innominate bone of Heptodon posticus is 
different from that of Hyrachyus modestus 
(AMNH FM 11662) in having a less concave iliac 
crest, an ischiatic spine located a short distance 
posterior to the acetabulum, and in lacking a 


convexity in the middle of the greater ischiatic 
notch. They are similar in having a long, narrow 
coxal tuberosity, a concave lateral border of the 
ilium, and a concave greater ischiatic notch. 

The innominate bones of Triplopus and Uin- 
taceras are not preserved. Qiu and Wang (2007) 
determined the similarities between the innom- 
inate bones of Juxia and Hyrachyus eximius, the 
latter nearly identical to that of H. modestus, in 
having a concave lateral border of the ilium, a 
concave greater ischiatic notch with a convexity 
in the middle, and a deep ischiatic arch. How- 
ever, the innominate bone of Juxia has a nearly 
straight iliac crest, a relatively wider coxal 
tuberosity, and an acetabulum placed in the 
middle of the innominate bone. 
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TABLE I, 


Measurements of femora of Hyrachyus modestus (mm) 
APD = anteroposterior distance. 


1. Total length 
2. Head, maximum APD 
3. Proximal end, maximum width 
4. Distal end, width 
5. Distal end, APD 
6. Greater trochanter, maximum APD 
7. Trochlea, medial length 
8. Trochlea, lateral length 
9. Trochlea, length of middle groove 
10. Medial condyle, lengthxwidth 
11. Lateral condyle, lengthxwidth 
Ratio (%) 

3a 

4:1 


Femur 


The femur of AMNH 12664 is relatively long 
and slender (table 12). The head is hemispheri- 
cal and extends anteromedially, with a short 
neck. The fovea is large and deep and located 
near the margin of the head (fig. 23A, C). The 
greater trochanter is elevated proximally con- 
siderably above the level of the head and is 
undivided (figs. 23.A, B, 24A); however, a lateral 
ridge on the proximal surface of the greater tro- 
chanter possesses a little break in the middle, 
indicating the boundary of the anterior and 
posterior parts. 

The shaft is relatively wide and flat on the 
proximal part and becomes cylindrical on the 
middle and distal parts. The cross section of the 
shaft is an anteroposteriorly elongated oval in the 
middle and more circular distally (fig. 23A, C). 
On the posterior side, the trochanteric fossa is 
rather deep and the intertrochanteric crest is ver- 
tical (fig. 23B, C). On the distal part of the pos- 
terior side, the supracondyloid fossa is distinct 
and moderately deep, and the medial supracon- 
dylar ridge is short and sharp (fig. 23B). The 


AMNH FM 12664 AMNH FM 11662 


227.0 241.8 
26.9 34.2 

60.8 60.9 

45.5 53.9 

53.2 57.0 

42.7 39.7 

38.7 60.5 

41.5 54.5 

32.4 38.5 
27.9x16.26 28.3x17.3 
29.57x19 34.1x21.8 
26.8 2522 

20.0 22.3 


medial side of the shaft bears a proximodistally 
elongated, flangelike lesser trochanter (whose 
proximal end is broken off), occupying the prox- 
imal third of the shaft (fig. 23A, C). On the lat- 
eral side the third trochanter is slightly more 
distal than the level of the lesser trochanter, and 
relatively large, flared, and recurved anteriorly 
with a rugose surface on the lateral side (fig. 23A, 
B, D). The distal boundary of the third trochan- 
ter is a relatively sharp ridge, extending distally 
along the posterior border of the lateral side to 
the supracondyloid fossa. 

The trochlea is long, narrow, nearly sym- 
metrical, and slightly narrowing distally (figs. 
23A, 24B). The long axis of the trochlea is paral- 
lel to that of the shaft. The supratrochlear fossa 
is proximodistally elongated, rectangular, and 
moderately deep (fig. 23A). The medial condyle 
is slightly smaller, more distally placed, and less 
convex mediolaterally than the lateral condyle 
(figs. 23B, 24B). The medial condyle is continu- 
ous with the trochlea with a broad contact ante- 
riorly and is separated from the shaft by a 
relatively wide and shallow groove on the pos- 
terior side. The lateral condyle has a narrow 
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FIG. 23. Right femur of Hyrachyus modestus (AMNH FM 12664). A, anterior; B, posterior; C, medial; and 
D, lateral views. Abbreviations: gtr, greater trochanter; le, lateral epicondyle; Itr, lesser trochanter; me, 


medial epicondyle; 3tr, third trochanter. 


contact with the trochlea due to interruption by 
a large extensor fossa anteriorly and is continu- 
ous with the shaft posteriorly (figs. 23C, D, 
24B). The intercondyloid fossa is narrow and 
deep (fig. 23B). The medial epicondyle is less 
prominent than the lateral one and is situated 
anterior to the posterior border of the medial 
condyle with a shallow fossa (fig. 23C). ‘The lat- 
eral epicondyle is slightly proximal to the level 
of the medial one and has a deeper fossa in the 
middle. Posterodistal to the fossa is another 
larger and deeper fossa for the insertion of the 
popliteus muscle (figs. 23D, 24B). 

COMPARISON OF THE FEMUR: The femur of 
Hyrachyus eximius (AMNH FM 5065) is nearly 
identical to that of H. modestus, except for a 
relatively less flared third trochanter, and a shal- 
lower trochlea. 

The femur of Heptodon posticus is similar to 
that of Hyrachyus modestus in having a greater 


trochanter elevated proximally above the level 
of the head, a rugose portion of the greater tro- 
chanter extending distally as far down as the 
distal margin of the head, a vertical intertro- 
chanteric crest, a distinct supracondyloid fossa, 
and a narrow, nearly symmetric trochlea. How- 
ever, the femur of H. posticus has smaller and 
more proximally placed lesser and third tro- 
chanters than that of H. modestus. 

The femur of Triplopus was not preserved. 
Qiu and Wang (2007) determined that the 
femur of Juxia is different from that of 
Hyrachyus eximius in having a greater trochan- 
ter nearly as high as the level of the head, a rela- 
tively weaker lesser trochanter, and a more 
distally placed third trochanter; those charac- 
ters are also present in Uintaceras. Furthermore, 
the femur of Juxia is different from that of 
Hyrachyus modestus by the presence of a rela- 
tively weaker third trochanter and a distal mar- 
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FIG. 24. Right femur of Hyrachyus modestus 
(AMNH FM 12664). A, proximal; and B, distal 
views. Abbreviation: dpm, depression for popliteus 
muscle. 


gin of the rugose portion of the greater 
trochanter lying below that of the head as in 
Uintaceras, and an asymmetric trochlea with a 
medial ridge more longitudinally convex than 
the lateral one. The trochlea of the femur in 
Uintaceras is partially broken, but it is probably 
symmetric and relatively long and narrow. They 
are similar in having a vertical intertrochanteric 
crest, and a distinct supracondyloid fossa. 


Patella 


A left patella is preserved in AMNH FM 
12664, but the proximolateral part and the dis- 
tal extremity have been broken off. It is oval in 
outline, longer than wide, and moderately deep 
anteroposteriorly (fig. 25.A; table 13). The artic- 
ular surface occupies the whole posterior side, 
and is divided by a vertical, rounded ridge into 


two parts, the lateral one narrower than the 
medial one and both of them concave trans- 
versely (fig. 25B). The angle between the two 
surfaces is obtuse (about 125°). The anterior 
surface is convex and rugose with a large, verti- 
cally depressed area on the medial side for the 
attachment of the middle patellar ligament (fig. 
25C). On the lateral side of the anterior surface 
there is a relatively small depressed area for the 
lateral patellar ligament (fig. 25D). The base is 
rugose, facing proximally and slightly posteri- 
orly. The apex is pointed distally and com- 
pressed anteroposteriorly. 

COMPARISON OF THE PATELLA: The patella of 
Hyrachyus eximinus (AMNH FM 5065) was 
mounted. It is very similar to that of H. modes- 
tus as far as can been observed. 

The patella of Triplopus obliquidens (YPM 
VPPU 10397) is different from that of Hyrachyus 
modestus primarily in being flatter anteroposte- 
riorly, and in having a more transversely con- 
cave medial articular surface than the lateral 
one. They are similar in having the medial artic- 
ular surface wider than the lateral one. 

The patella of Juxia is similar to that of 
Hyrachyus modestus in having a medial articu- 
lar surface wider than the lateral one, whereas 
that of Uintaceras has subequal medial and lat- 
eral articular surfaces with the lateral one more 
distally extended. The patella of Uintaceras is 
similar to that of Hyrachyus modestus in having 
a base much thicker than the apex, and in lack- 
ing a distinct medial angle, whereas the patella 
of Juxia has an apex nearly as thick as the base, 
and a distinct medial angle. 

Tibia 

The description of the tibia is based on 
AMNH FM 11662, which also includes a right 
femur. The tibia of Hyrachyus modestus is rela- 
tively long (slightly shorter than the femur) and 
slender (fig. 26; table 14). The proximal end is 
wider than its anteroposterior depth (fig. 27A). 
The medial condyle is flat and roughly triangu- 
lar in outline, whereas the lateral condyle is 
slightly convex anteroposteriorly and wider (fig. 
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EABCE: 13 


Measurements of patella of 
Hyrachyus modestus (mm) 
APD = anteroposterior distance; PE = proximal end. 


AMNH 
FM 12664 
1. Height 3319 
2. Width 21.1 
3. Articular facet, width of lateral half 8.9 
4. Articular facet, width of medial half 12.3 
5. Maximum APD of PE 13,1 
6. Max APD of patella 17.7 
Ratio (%) 
251. 62.3 
3:4 72.4 


6:1 5233 





FIG. 25. Left patella of Hyrachyus modestus (AMNH 
FM 12664). A, anterior; B, posterior; C, medial; 
and D, lateral views. 


27A). The intercondyloid eminences are about 
equal in height with a wide and shallow central 
intercondyloid area between them for the cra- 
nial cruciate ligament (fig. 26B). The tibial 
tuberosity is large and projects anteriorly, and it 
is excavated by a wide and deep groove (sulcus 
tuberosititas tibiae) (figs. 26A, 27A). On the lat- 
eral side of the tibial tuberosity there is a promi- 
nent extensor sulcus (figs. 26D, 27A). The tibial 
crest (= cranial border) occupies the proximal 
third of the anterior surface of the shaft (fig. 
26A). 

The shaft is slightly S-shaped in anterior 
view. The proximal end of the shaft is deeply 
concave on the lateral and posterior sides, hav- 
ing a triangular cross section. The lateral side 
curves anteriorly from the middle of the shaft 
(fig. 26A, D). On the posteroproximal corner of 
the lateral surface there is a rough, concave, dis- 
tally facing facet for articulation with the fibula 
(fig. 26D). The posterior side of the shaft bears 
a distinct, oblique, and rough popliteal line 
below the proximal concavity (fig. 26B). The 
posterior side gradually curves medially distal 
to the midshaft and is separated from the 
medial side by a prominent ridge on the proxi- 
mal three-fourths of the shaft (fig. 26B, C). 
Because the lateral surface curves anteriorly and 
the posterior surface curves medially at the dis- 
tal end, a surface between the posterior and 
lateral surfaces expands from the proximal 
third to the posterior and lateral sides on the 
distal end (fig. 26B, D). 

On the distal end, the ridge and grooves that 
designate the two trochlear facets are directed 
obliquely anterolaterally (fig. 27B). The ridge is 
blunt and anteroposteriorly concave, and the 
medial groove is slightly narrower than the lat- 
eral one. The posteromedial process is more 
distally extended than the medial malleolus 
(figs. 26C, 27B). The medial malleolus is promi- 
nent with an indistinct malleolus sulcus poste- 
riorly for the long digital flexor. 

COMPARISON OF THE TIBIA: According to the 
description by Cope (1884) with reference to 
AMNH FM 12364, the tibia of Hyrachyus exi- 
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FIG. 26. Left tibia of Hyrachyus modestus (AMNH FM 11662). A, anterior; B, posterior; C, medial; and D, 


lateral views. 


mius is different from that of H. modestus in 
having a narrower and deeper central intercon- 
dyloid area, a more swollen tibial tuberosity 
excavated by a narrow groove, a posterior side 
curving medially on the distal fourths part, a 
distal end more square and a deeper malleolus 
sulcus. It should be noted that the mounted 
skeleton of H. eximius (AMNH FM 5065) has 
mistakenly switched the left and right distal 
ends of the tibia as figured by Cope (1884: pl. 
55, fig. 6). 

The tibia of Heptodon differs mainly from 
that of Hyrachyus modestus by the presence of a 
narrower and deeper central intercondyloid 
area, and a much less developed tibial tuberos- 
ity with a shallower and shorter groove. They 


are similar in having intercondyloid eminences 
equal in height, a deep extensor sulcus, ridge 
and grooves on the distal end directed toward 
the anterolateral side, and a medial groove nar- 
rower than the lateral one on the distal end; all 
these characters are also present in the tibia of 
Uintaceras. The tibia of Uintaceras is further 
similar to that of Hyrachyus modestus in having 
a relatively large tibial tuberosity, but different 
from the latter in being much stouter and in 
possession of a shaft bowed laterally and a 
larger medial malleolus. 

The tibia of Juxia mainly differs from that of 
Hyrachyus modestus in having a proximal end 
longer than wide, a lateral condyle narrower 
and more posteriorly extended than the medial 
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TABLE 14 


Measurements of tibiae of Hyrachyus modestus (mm) 
APD = anteroposterior distance. 


AMNH FM 12664 


— 


. Total length 

Proximal end, width 
Proximal end, APD 

Distal end, width 

Distal end, APD 

Width at middle of shaft 

. Medial condyle, widthx APD 
Lateral condyle, widthx APD 
Trochlea, width 

10. Trochlea, APD 

Ratio (%) 

Del 

4:1 

10:9 


Oo PN DW wR wD 


one, a lateral intercondyloid eminence higher 
than the medial one, a narrower central inter- 
condyloid area, a relatively narrower and deeper 
groove excavated the tibial tuberosity, and ridge 
and grooves on the distal end less obliquely 
directed. They are similar in having a large tibial 
tuberosity and a S-shaped shaft in anterior view. 


Fibula 


There is no complete fibula of Hyrachyus 
modestus available for study. AMNH FM 11662 
(fig. 28) and 11664 preserve only proximal and 
distal ends. The proximal end is expanded, 
transversely compressed, and platelike with a 
process on the posterior side (fig. 28A). The lat- 
eral side of the proximal end is a low trapezoid 
in outline and rough, bearing a shallow longitu- 
dinal groove posteriorly. The medial side of the 
proximal end is uneven and rugose, bearing a 
striplike and mediodistally inclined facet for the 
tibia along the proximal border. The distal end 
is transversely expanded and bears a large lat- 
eral malleolus on the lateral side with a narrow, 
deep groove posteriorly (fig. 28B). On the 
medial side of the distal end there is a slightly 


AMNH FM 11662 


192.0 219.8 

52.2 54.31 

48.5 48.54 

29.0 31.96 

26:3 26.44 

20.4 18.72 
12.06x23.29 12.51x22.39 
14.31x20.14 15.52x18.28 
25.4 29.22 

20.3 22.85 

LF 24.7 

15:1 14.5 

80.0 90.6 


concave and distomedially facing surface for the 
astragalus with a rectangular (AMNH FM 
11662) or semilunate (AMNH FM 11664) out- 
line (fig. 28C). Along its anteroproximal border 
is a striplike facet for the tibia. On the posterior 
extremity of the distal end is a small and indis- 
tinct facet for the calcaneus. 

COMPARISON OF THE FIBULA: The fibula of 
Hyrachyus eximius (AMNH FM 12364, 12675) 
is nearly identical to that of H. modestus. How- 
ever, the tibia of AMNH FM 12364 lacks a pos- 
terior process of the proximal end, and has a 
more prominent, tongue-shaped tibia facet on 
the distal end. On the other hand, AMNH FM 
5065 has a prominent posterior process on the 
proximal end. 

The fibula of Heptodon posticus is different 
from that of Hyrachyus modestus in having a 
proximal tibial facet horizontally oriented, the 
epiphyses less expanded, and a proximal end 
partially exposed lateral to the tibia. 

The fibulae of Juxia and Uintaceras are simi- 
lar to that of Hyrachyus modestus in having an 
expanded proximal end entirely covered by the 
lateral condyle of the tibia, but the fibula of 
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Juxia has a laterally compressed distal end as 
pointed out by Qiu and Wang (2007). 


Tarsals 


The pes of AMNH FM 12664 is not pre- 
served, except for a right navicular and an 
astragalus. The following description was based 
on AMNH FM 1643c (astragalus, calcaneus, 
mesocuneiform), AMNH FM 12664 (navicu- 
lar), AMNH FM 11662 (cuboid, ectocunei- 
form), and AMNH FM 1612 (entocuneiform). 

ASTRAGALUS (fig. 29A-E; table 15): The 
height of the trochlea is greater than its width 
(fig. 29A). A relatively wide, deep groove divides 
the trochlea into two asymmetrical parts: a nar- 
row, steep medial portion and a wide, gradual 
lateral portion. The lateral surface of the troch- 
lea for the fibula is vertical with a weak, laterally 
projected process on the distal end (fig. 29A, C). 
The distal edge of the medial ridge of the troch- 
lea almost contacts the navicular facet, whereas 
that of AMNH FM 12664 appears to be separate 
from the navicular facet. The neck is moderately 
long and as wide as the trochlea. The angle of 
obliquity of the trochlea is about 125°, and the 
torsion angle of the astragalus is about 26°. 

On the posterior side, the ectal facet is wider 
than long and deeply concave with a convex 
lappet on the laterodistal corner (fig. 29B). The 
sustentacular facet is a proximodistally elongate 
oval in outline with a slightly convex surface 
and a long axis roughly parallel to that of neck 
(fig. 29B). The sustentacular facet is separated 
from the ectal facet by a narrow, deep astragalar 
sulcus, but does contact the distal calcaneal 
facet (fig. 29B, C). The distal calcaneal facet is 
generally striplike and composed of two antero- 
posterior facets bordered by a faint ridge. On 
the proximomedial corner of the posterior sur- 
face there is a prominent tubercle (fig. 29D). 

On the distal end, the navicular facet is 
quadrilateral in outline, as long as wide, and 
saddle shaped with a small convexity near the 
posterior end (fig. 29E). Posterolateral to the 
navicular facet there is a cuboid facet, which is 
bordered laterally by the distal calcaneal facet 
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FIG. 27. Left tibia of Hyrachyus modestus (AMNH 
FM 11662). A, proximal; and B, distal views. 
Abbreviation: cia, central intercondyloid area. 
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FIG. 28. Right fibula of Hyrachyus modestus (AMNH 
FM 11662). A, lateral view of proximal end; B, lat- 
eral view of distal end; C, medial view of distal end. 
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FIG. 29. Left astragalus and calcaneus of Hyrachyus modestus (AMNH FM 1643c). A-E, astragalus. A, 
anterior; B, posterior; C, lateral; D, medial; and E, distal views. F—H, calcaneus. F, distal; G, anterior; and 


H, lateral views. Abbreviation: su, sustentaculum. 


and is narrowly fusiform and concave near the 
posterior end (as shown on the specimen of 
AMNH FM 12664) (fig. 29B, E). 

On the medial side of the astragalus, a prom- 
inent tubercle is present medial to the navicular 
facet, and a shallow cavity is present between 
the tubercle and the trochlea (fig. 29A, D). A 
smaller tubercle is present at the posteroproxi- 
mal corner as mentioned above. On the lateral 
side, a deep fossa is bordered anteriorly by the 
lateral surface of the trochlea (fig. 29C). 

CALCANEUS (fig. 29F—H; table 16): The cal- 
caneus is relatively long and thin. The calcaneal 
tuber is laterally compressed with an oval, 
rugose free end (fig. 29G, H). The ectal facet is 
placed at a point 42% distal of the length of the 
calcaneus. It consists of two portions: the distal 
part is concave and distally facing with a nar- 
row distal extension on the lateral side for the 
articulation with the lappet of the astragalus; 
the proximal part is convex, faces anteromedi- 


ally, and extends slightly onto the tuber (fig. 
29F, G). A pit for the fibula at the proximolat- 
eral part of the ectal facet is barely discernable. 
On the lateral side of the ectal facet there is also 
a rather shallow depression (fig. 29H). The sus- 
tentaculum bears a concave, elongate facet for 
the astragalus with its long axis slightly medially 
oblique (fig. 29F, G). In medial view, the susten- 
taculum is thick proximally and narrows dis- 
tally. The distal astragalar facet is striplike and 
composed of two portions, a flat anterior one 
and a slightly convex posterior one. On the dis- 
tal end, the cuboid facet is roughly quadrilateral 
in outline, concave transversely, and slightly 
convex anteroposteriorly with a deep pit at the 
posteromedial end, although the latter is exag- 
gerated by breakage (fig. 29F). 

NAVICULAR (fig. 30A-D; table 17): The 
navicular is wider than long. The proximal 
astragalar facet is roughly quadrilateral in 
outline with a triangular apex at the antero- 
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TABLE 15 


Measurements of astragali of Hyrachyus modestus and Hyrachyus eximius (mm) 


— 


. Maxium height 
2. Maxium width 

3. Trochlea, medial length 

4. Trochlea, lateral length 

5. Trochlea, maximum width 

6. Distal end, width 

7. Navicular facet, widthxlength 

8. Cuboid facet, widthxlength 

9. Ectal facet, heightxwidth 

10. Sustentacular facet, heightxwidth 
11. Inclination angle, a 

12. Torsion angle, B 

Ratio (%) 

wrall 

6:2 

3:4 


‘Approximate measurements. 


lateral side, strongly concave anteroposteri- 
orly with a posteromedial corner arising 
upward, and nearly flat transversely (fig. 30A, 
D). On the anterolateral corner of AMNH 
FM 1612 there is a small, distally inclined 
facet that appears to be for the calcaneus, but 
similar facets on other taxa and other speci- 
mens of Hyrachyus turn out to be for the 
cuboid or they articulate with nothing (Hol- 
brook, 2001). On the lateral side, the cuboid 
facet is composed of two flat portions: the 
posterior one is large and slightly medially 
inclined, whereas the proximal one is strip- 
like and extends along the proximal border 
(fig. 30B). Distally, three facets are present, 
from lateral to medial, for the articulation 
with the ecto-, meso-, and entocuneiform 
(fig. 30C). The ectocuneiform facet is trian- 
gular in outline, generally flat, and tapering 
posteriorly. The mesocuneiform facet is 
approximately oval, whereas the entocunei- 


Hyrachyus modestus 
(AMNH FM 1643C) 


Hyrachyus eximius 
(AMNH FM 12674) 


31.3 44.5 

28.3 39.4? 

24.6 32:7 

23.2 31.7 

15.9 2335 

21.4 26.2 
18.5x14.9 22:5%22:5 
5.4x13.2 4.1x17.4 
11.5x12.4 15.9x15.0 
17.0x8.00 24.5x10.3 
120° if 

24° if 

90.6 88.5 

75.6 66.5 
106.0 103.0 


form facet is the smallest one, facing postero- 
distally. The anterior and medial surfaces of 
the navicular are rugose (fig. 30D). 

Cusorp (fig. 30E-H; table 17): In anterior 
view, the cuboid is higher than wide (fig. 30H). 
On the proximal surface, the calcaneus and 
astragalus facets are confluent as a rounded 
facet without a clear boundary (fig. 30E). The 
proximal surface is saddle shaped, concave 
anteroposteriorly, and convex mediolaterally 
with a prominent swelling on the posterior part. 
On the proximal half of the medial surface of 
the cuboid there are two facets for the navicular 
(fig. 30F): the posterior one is roughly bandlike 
and slightly concave, whereas the proximal one 
is striplike and extends along the proximal edge. 
On the distal half of the medial surface there 
are two small facets for the ectocuneiform: the 
posteroproximal one is in contact with the pos- 
terior navicular facet and is distomedially 
inclined, whereas the anterodistal one is nearly 
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FIG. 30. Partial tarsals of Hyrachyus modestus. A—D, right navicular (AMNH FM 12664); A, proximal; B, 
lateral; C, distal; and D, medial views. E—H, right cuboid (AMNH FM 11662); E, proximal; F, medial; G, 
distal; and H, anterior views. I-K, left entocuneiform (AMNH FM 1612). I, posterior; J, proximal; and K, 
anterior views. L—O, left mesocuneiform (AMNH FM 1643c). L, proximal; M, medial; N, lateral; and O, 
distal views. P—S, right ectocuneiform (AMNH FM 11662). P, proximal; Q, medial; R, lateral; and S, distal 
views. Abbreviations: ec, ectocuneiform; en, entocuneiform; me, mesocuneiform; I, II, III, and IV, first, 


second, third, and fourth metatarsals. 


vertical and in contact with the distal Mt IV 
facet. The distal Mt IV facet is roughly rounded 
and flat (fig. 30G). A posterior process is situ- 
ated on the posterolateral side. 
ENTOCUNEIFORM (fig. 30I-K; table 18): The 
entocuneiform is irregularly quadrilateral in 
outline in posterior view and anteroposteriorly 


compressed, having a convex medial border 
and a concave lateral border (fig. 301). The 
proximal end bears an oval, slightly concave 
facet for the navicular (fig. 30J). On the ante- 
rior side of the navicular facet and perpen- 
dicular to it there is a flat, semilunate facet for 
the mesocuneiform (fig. 30K). An oval, slightly 
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TABLE 16 


Measurements of calcanei of Hyrachyus modestus and Hyrachyus eximius (mm) 
DE = distal end; PE = proximal end; APD = anteroposterior distance. 


Hyrachyus modestus 
(AMNH FM 1643C) 


1. Total length 
2. PE-middle of ectal facet 
3. DE-middle of ectal facet 
4. Maximum, width 
5. Width, tuber 
6. APD, tuber 
Ratio (%) 
4:1 
3:2, 
5:6 


convex facet for Mt II occurs along the middle 
one-third of the medial border of the anterior 
surface. The distal end is expanded and thick- 
ened, bearing a small, oval facet for Mt I at the 
anteromedial corner (fig. 30K). 

MESOCUNEIFORM (fig. 30L-O; table 19): The 
mesocuneiform is slightly wider than high in 
anterior view. The proximal facet for the navic- 
ular is triangular, anteroposteriorly concave, 
and mediolaterally flat (fig. 30L). On the proxi- 
mal half of the medial side there is a semilunate 
entocuneiform facet (fig. 30M). On the lateral 
side the ectocuneiform facet is not clear due to 
weathering; however, the facet appears flat and 
not in contact with the distal Mt II facet (fig. 
30N). The distal surface for the Mt II is triangu- 
lar in outline, anteroposteriorly flat, and slightly 
convex laterally (fig. 300). 

ECTOCUNEIFORM (fig. 30P-S; table 19): The 
ectocuneiform is wider than high in anterior 
view and proximodistally compressed. The 
proximal surface for the navicular is roughly 
triangular in outline with a convex anterior bor- 
der (fig. 30P). The lateral border is notched in 
the middle, and the surface is uneven with a 
depression around the lateral notch. A small 
process extends posteriorly from the posterior 
end of the proximal surface. On the medial side 


Hyrachyus eximius 
(AMNH FM 12674) 


60.9 87.0 
393 59.0 
DO: 30.3 
24.4 3323 
13.7 20.1 
20.1 26.0 
40.1 38.3 
59.0 51.4 
67.9 77.4 

TABLE 17 


Measurements of navicular and cuboid of 
Hyrachyus modestus (mm) 
Measurements correspond to those of Qiu and Wang 
(2007: table 30, 43). 


Navicular Cuboid 
(AMNH (AMNH 
FM 12664) FM 11662) 
1. 9.76 20.8 
2. 20.23 12.9 
3. 20.12 21.7 
4. 14.15x17.37 13.6? 
5. 7.14x12.11 17.6 
6. 4.45x6.72 3:3? 
re — 10.8 
8. — 12.0 
Ratio (%) 
1. 48.25 161.9 
25 100.55 96.1 
3. 9.76 59.3 
4. — 90.0 
Ds — 24.2 


“Approximate measurements. 
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TABLE 18 


Measurements of entocuneiform of 
Hyrachyus modestus (mm) 


Entocuneiform 

(AMNH FM 1612) 

1. Length 17.9 

2. Width 13:2 

3. Anteroposterior distance 6.0 
Ratio (%) 

2:1 73.8 

32 45.3 


there is a flat, oval mesocuneiform facet run- 
ning along the anterior half of the proximal 
border (fig. 30Q). Two Mt II facets are anteri- 
orly and posteriorly placed on the distal half of 
the medial side with the posterior of the two 
larger than the anterior one. On the lateral side 
there are two small facets for the cuboid: the 
posteroproximal one is flat, slightly proximally 
oriented, and in contact with the navicular 
facet; the anterodistal one is flat and nearly ver- 
tical, adjoining the distal Mt III facet (fig. 30R). 
The distal surface for Mt III is roughly triangu- 
lar in outline with a convex anterior border and 
a notched lateral border. The surface is antero- 
posteriorly concave and laterally flat (fig. 30S). 


Metatarsals 


The following description of metatarsals of 
Hyrachyus modestus was based on AMNH FM 
1612 (table 20). H. modestus has four metatar- 
sals (Mt I-IV) with functional Mt II-IV and a 
nodulelike Mt I. 

Mr I (fig. 31): The Mt I is highly reduced and 
nodulelike. In posterior view, the outline of Mt 
I is irregularly quadrilateral with a wide, shal- 
low longitudinal groove in the middle (fig. 
31A). A projection is present on its anterior 
side, bearing two concave facets, for the entocu- 
neiform and posterior process of the Mt HI on 
the medial and lateral sides, respectively (fig. 
31B). The entocuneiform facet faces anterome- 
dially without a clear boundary. The Mt IT] facet 
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TABLE 19 


Measurements of meso- and ectocuneiform of 
Hyrachyus modestus (mm) 


Mesocuneiform — Ectocuneiform 

(AMNH (AMNH 

FM 1643C) FM 11662) 

1. Length 10.2 20.6 

2. Width 7.2 16.0 

3. Height 7.5 11.5 
Ratio (%) 

2:1 70.0 77.7 

3:2 104.3 71.9 


is oval and somewhat proximally oriented with 
a distinct discrimination. 

Mr II (figs. 32A, B, 33): The Mt II is slightly 
shorter than the Mt III, and the shaft diverges 
somewhat medially. Proximally, the mesocu- 
neiform facet is roughly triangular in outline 
with a concave lateral border, and is concave 
transversely and flat anteroposteriorly (fig. 
33A). On the medial side of the proximal end, 
just below the mesocuneiform facet, there is 
an elongate, oval, and slightly concave facet for 
the entocuneiform (fig. 32A). On the lateral 
side of the proximal end, there are two com- 
posite facets: the upper pair for the ectocunei- 
form is large and vertical, whereas the lower 
pair for the Mt III is smaller and nearly conflu- 
ent with the upper one, with the anterior Mt 
III facet more distinct and larger than the pos- 
terior Mt III facet (fig. 32B). The shaft becomes 
slightly more robust toward its distal end, and 
the rough area for the interosseous ligaments 
extends along the proximal thirds of the lateral 
side. The distal end is asymmetrical and simi- 
lar to that of Mc II (fig. 33B). 

Mr III (figs. 32C, D, 33): The Mt III is the 
longest and the most robust of the metatarsals. 
The proximal articular surface for the ectocunei- 
form is roughly triangular with a concave lateral 
border and is slightly concave transversely, ris- 
ing toward the lateral side (fig. 33A). The medial 
side of the proximal end of Mt III in AMNH FM 
1612 is partially broken off, but AMNH FM 
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TABLE 20 
Measurements of metatarsals (Mt) of Hyrachyus modestus (AMNH FM 1612) (mm) 


— 


. Total length 
. Proximal end, maximum width 
. Proximal end, anteroposterior distance 


. Distal end, width 


. Distal end, anteroposterior distance 


2 
3 
4 
5. Distal articular facet, width 
6 
7. Width at midshaft 

8 


. Anteroposterior distance at midshaft 
Ratio (%) 

2:1 

4:1 

2 


5:6 


“Approximate measurements. 


11662 exhibits two small facets for Mt II with 
the anterior one larger and more distinct than 
the posterior one (fig. 32C). On the lateral side 
of the proximal end there are two oval facets for 
the Mt IV (fig. 32D): the anterior one is slightly 
concave and posterolaterally facing; the poste- 
rior one is flat and laterally facing. On the 
medial side of the posterior Mt IV facet there is 
a distinct, flat, and oval facet for the Mt I on the 
posterior process of the proximal end (figs. 32C, 
33A). The cross section of the shaft is roughly 
trapezoidal in outline proximally, and becomes 
anteroposteriorly compressed toward the distal 
end. The shaft gradually becomes wider in ante- 
rior view toward the distal end. The distal end is 
symmetrical as in the Mc III (fig. 33B). 

Mr IV (figs. 32E, F, 33): The Mt IV is slightly 
shorter and more slender than the Mt II. The 
proximal end bears a flat, roughly rounded 
cuboid facet, which is inclined slightly anteri- 
orly and laterally (figs. 32F, 33A). The posterior 
portion of the proximal surface is occupied by 
a rough area. On the medial side of the proxi- 
mal end there are two facets for Mt III (fig. 
32E). The anterior Mt III facet is rectangular in 
outline, is slightly concave, and faces anterome- 


Mt Il Mt Ill Mt IV 
105.7 112.2 104.9 
14.0 20.6 £73 
18.9 20.0 17.3 
19:3 26.1 16.0 
16.4 20.7 15.4 
18.5 16.6 18.7 
11.5 TAS 9.6 
14.2 9:2 13.6 
132, 18.3 16.5 
18.3 Zoo 15,2 
74.1 102.9 100.1 
88.6 124.6 82.5 
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FIG. 31. Left first metatarsal (AMNH FM 1612). A, 
posterior; and B, proximal views. Abbreviations: 
en, entocuneiform; III, third metatarsal. 


dially, separated from the cuboid facet by a 
sharp ridge. The posterior Mt III facet is slightly 
concave, roughly rounded, and faces nearly 
medially, separated from the cuboid facet by a 
rough area. The cross section of the shaft is 
somewhat compressed proximally and becomes 
rounded distally. The distal end is asymmetric 
and mirrors that of Mt II (fig. 33B). 

A reconstruction of the pes is shown in fig- 
ure 34, 

COMPARISON OF THE PES: Cope (1884) 
described the morphology of the pes of 
Hyrachyus eximius on the basis of AMNH FM 
5065, and we also examined AMNH FM 12665 
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F cuboid fac. 


FIG. 32. Left metatarsals of Hyrachyus modestus (AMNH FM 1612). A—B, second metatarsal. A, medial; 
and B, lateral views. C—D, third metatarsal; C, medial; and D, lateral views. E-F, fourth metatarsal. E, 
medial; and F, lateral views. Abbreviations: ec, ectocuneiform; en, entocuneiform; me, mesocuneiform; I, 


III, and IV, first, third, and fourth metatarsals. 


and 12674. The pes of H. eximius is very similar 
to that of H. modestus except for a proximal 
surface of the navicular with a small facet on 
the anterolateral corner not in contact with the 
calcaneus (Holbrook, 2001), and an ectocunei- 
form with a mesocuneiform facet not in contact 
with a proximal surface and with a flat Mt III 
facet. The entocuneiform of Hyrachyus eximius 
varies in that its mesocuneiform facet is strip- 
like and anterior to the navicular facet in 
AMNH FM 12675, as in H. modestus, whereas 
the mesocuneiform facet of AMNH FM 12665 
is larger than the navicular facet and more 
anteromedially placed than that of AMNH FM 
12675, as in Heptodon posticus. 

The pes of Heptodon posticus is different 
from that of Hyrachyus modestus in having an 
astragalus with a medial ridge of the trochlea 
not contacting the navicular facet as in H. exi- 
mius and a sustentacular facet separated from 
the distal calcaneal facet (but contacting in H. 
calciculus), a calcaneus contacting the navicular, 
an ectocuneiform contacting the Mt IV on the 
lateral side, an entocuneiform circular in poste- 
rior view with a mesocuneiform facet antero- 
medially placed to the navicular facet. 


The pes of Triplopus obliquidens (YPM 
VPPU 10397) differs from that of Hyrachyus 
modestus by the presence of sharper trochlear 
ridges, a lateral surface of the trochlea without 
a laterally projecting process on the distal end, 
a medial ridge of the trochlea not contacting 
the navicular facet, more laterally compressed 
Mt II and IV (as well as the distal ends of the 
cuboid and presumably the mesocuneiform), 
and in lacking a pit for the fibula proximal to 
the ectal facet of the calcaneus. They are similar 
in lacking calcaneo-navicular and Mt IV-ecto- 
cuneiform contacts, and a sustentacular facet 
confluent with the distal calcaneal facet of the 
astragalus as in Uintaceras. But in Triplopus the 
border between a sustentacular facet and a dis- 
tal calcaneal facet of the astragalus was marked 
by a ridge. Osborn (1889: pl. 11, fig. 9) sug- 
gested the ectocuneiform of T. obliquidens artic- 
ulates with Mt III only, but two separate Mt II 
facets are present on the distal part of the 
medial surface of the ectocuneiform. 

The pes of Juxia is different from that of 
Hyrachyus modestus primarily in having a less 
oblique trochlea of the astragalus with blunter 
ridges, a medial ridge of the trochlea not con- 
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tacting the navicular facet, a lateral surface of 
the trochlea without a laterally projected pro- 
cess on the distal end, a sustentacular facet 
separated from the distal calcaneal facet, Mt HI 
contacting the cuboid by a small triangular 
facet, and Mt II and IV much more slender 
compared to Mt III and diverging laterally. Qiu 
and Wang (2007), based on the brief descrip- 
tion and plates of Hyrachyus eximius by Cope 
(1884), suggested the entocuneiform and Mt I 
of H. eximius is rounded in posterior view and 
contacting the Mt III; however, the 
“entocuneiform+Mt I” of H. eximius as inter- 
preted by Qiu and Wang (2007) was more likely 
a vestigial Mt I based on the materials of H. 
modestus. In fact, the entocuneiform of Juxia is 
very similar to that of H. modestus in being 
roughly quadrilateral in posterior view, and in 
having the mesocuneiform facet anterior to the 
navicular facet, and in having a distal process 
bearing a Mt I facet. They are further similar in 
having a pit for the fibula proximal to the ectal 
facet of the calcaneus. 

The pes of Uintaceras differs from that of H. 
modestus in being relatively wider and lower, 
and in having a relatively wider, blunter troch- 
lear with a lateral part much wider than the 
medial one, a medial ridge of the trochlear not 
contacting the navicular facet, a larger cuboid 
facet of the astragalus with a wide anterior 
end, a more prominent pit for the fibula proxi- 
mal to the ectal facet of the calcaneus, a dis- 
tinct peroneal tubercle, an oval-shaped 
entocuneiform in posterior view, and relatively 
stouter metatarsals. 


DISCUSSION 


ORIGIN OF HYRACHYUS 


Hyrachyus has a long time range from late 
Wasatchian to Uintan in North America (Wood, 
1934), and a wide distribution across North 
America, Asia, and Europe (Radinsky, 1967b; 
Huang and Wang, 2002). Historically, Hyrachyus 
was considered very close to the ceratomorph 
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FIG. 33. Left second, third, and fourth metatarsals 
of Hyrachyus modestus (AMNH FM 1612). A, 
proximal; and B, distal views. Abbreviations: ec, 
ectocuneiform; en, entocuneiform; me, mesocunei- 
form; I, II, III, and IV, first, second, third, and 
fourth metatarsals. 


helaletid Heptodon mainly on the basis of its large 
parastyles, unmodified molar metacones, and low 
paralophids and cristids obliquae (Radinsky, 
1967b). Radinsky (1967b) assigned the subfamily 
Hyrachyinae in Helaletidae, which also includes 
Helaletinae and Chasmotheriinae, although he 
still maintained that Hyrachyus was the ancestor 
of Rhinocerotoidea (Radinsky, 1967b: 18-19). 
However, based on the skeletal comparisons 
between Hyrachyus modestus and Heptodon, with 
a reference to the skeleton of basal perissodactyl 
Hyracotherium grangeri (Wood et al., 2011), the 
skeleton of Hyrachyus modestus shows some 
characters even more primitive than that of Hep- 
todon posticus, such as a shallow narial notch, 
naso-lacrimal contact, a relatively posteriorly 
placed sphenorbital fissure, a greater tubercle of 
the humerus just slightly higher than the level of 
the head, a scaphoid with a trapezium facet, a 
proximodistally elongated entocuneiform with a 
mesocuneiform facet placed anterior to the navic- 
ular facet, absence of contact between the calca- 
neus and navicular, and absence of contact 
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FIG. 34. Reconstruction of left pes of Hyrachyus 
modestus based on the specimens of AMNH FM 
12664, 1643c, 1612, and 11662. The entocuneiform 
and Mt I are not visible in this view. 
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between the ectocuneiform and Mt IV. On the 
other hand, Heptodon does possess some more 
primitive characters than Hyrachyus modestus, 
such as a more proximally extended olecranon of 
the ulna, a shallow groove excavated the tibial 
tuberosity, a proximally oriented tibial facet of the 
proximal end of the fibula, and a sustentacular 
facet separated from the distal calcaneal facet of 
the astragalus. Furthermore, the dentitions of 
Hyrachyus differ from those of Heptodon in hav- 
ing more elongated M1-2 metacones, more dis- 
tinct paralophids and cristids obliquae, and 
retention of pl, whereas Heptodon exhibits 
reduced M1-2 metacones, weak paralophids and 
cristids obliquae, and absence of pl. Thus, we 
propose that Hyrachyus was probably divergent 
from a more basal group of early ceratomorphs 
than Heptodon. This is consistent with the results 
of Holbrook (1999, 2001). 

Emry (1989) suggested that the smallest- 
known ceratomorph Fouchia from the early 
Bridgerian of Nevada is closely related to 
Hyrachyus based on their similar degree of 
molarization of the premolars, presence of pl, 
unreduced paralophids and cristids obliquae, 
and m3 lacking a hypoconulid. He further sug- 
gested that Dilophodon is also similar to Fouchia 
and Hyrachyus, except for the lack of the pl. 
Fouchia could represent a group that is closer to 
the origin of Hyrachyus than is Heptodon, but 
Emry noted that many of the similarities among 
Hyrachyus, Fouchia, and Dilophodon are fea- 
tures that have evolved more than once in peris- 
sodactyls (if not ceratomorphs). The cladistic 
analysis of the ceratomorphs without Fouchia 
by Colbert (2005) placed Dilophodon within 
Tapiroidea and assigned Hyrachyus to Rhinoc- 
erotoidea, and also indicated that Hyrachyus 
diverged from a more basal ceratomorph group 
than Heptodon, consistent with this study. 


FROM HYRACHYUS TO OTHER 
RHINOCEROTOIDEA 


The Hyrachyus complex, as Savage et al. 
(1966) referred to the many species of Hyrachyus 
recognized at that time, was long considered to 


2017 


be ancestral to all later rhinocerotoids, conven- 
tionally composed of Amynodontidae, Hyra- 
codontidae, and Rhinocerotidae (Radinsky, 
1966). Rhinocerotoidea has historically been 
united by elongation of the ectoloph, the absence 
of the m3 hypoconulid, and relatively large size 
(Wood, 1934; Radinsky, 1966; Savage et al., 1966; 
Qiu and Wang, 2007). Prothero et al. (1986) fol- 
lowed Radinsky’s taxonomy but raised Hyrachy- 
idae to familial rank and included it in 
Rhincerotoidea. Prothero et al. (1986) also osten- 
sibly followed Radinsky (1967a) in including the 
giant rhinoceroses (paraceratheres or indricoth- 
eres) in Hyracodontidae, although Radinsky 
(1967a) clearly defined this family as a “waste- 
basket.’ Holbrook (1999) also included Hyrachy- 
idae in Rhinocerotoidea and proposed 
Indricotheriidae as a family including parac- 
eratheres that is distinct from Hyracodontidae. 
Qiu and Wang (2007) thoroughly reviewed the 
paraceratheres from China, and proposed that 
Rhinocerotoidea was composed of four families: 
Hyrachyidae, Eggysodontidae, Paraceratheriidae, 
and Rhinocerotidae. The family Hyrachyidae, 
comprising Hyrachyinae, Amynodontinae, and 
Hyracodontinae, was defined by a trapezoid M3 
with a crestlike metacone. But Qiu and Wang 
(2007) still regarded Hyrachyus as a stem mem- 
ber of all the rhinocerotoids, making the 
Hyrachyinae a paraphyletic group according to 
their definition. Wang et al. (2016), by contrast, 
proposed Amynodontidae and Eggysodontidae 
as sister groups to Paraceratheriidae and Rhinoc- 
erotidae, respectively; Hyracodontidae was the 
basal clade of Rhinocerotoidea. Hyrachyus forms 
the sister group to other rhinocerotoids. 

The statement that the Hyrachyus complex 
is ancestral to all later rhinocerotoids was also 
exemplified by transferring some species of 
Hyrachyus to variable groups of rhinocer- 
otoids. Ephyrachyus implicatus, named by 
Wood (1934), was reassigned to hyracodont 
Triplopus implicatus by Radinsky (1967a); 
Hyrachyus grandis, named by Peterson (1919), 
was transferred to paraceratheriid Forstercoo- 
peria? by Radinsky (1967a), and later to rhi- 
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nocerotid Uintaceras radinskyi by Holbrook 
and Lucas (1997). 

Based on the skeletal comparison between 
Hyrachyus and earliest known hyracodontid Tri- 
plopus, we think Triplopus (and Hyracodontidae) 
could not derive from Hyrachyus but could from 
other, unknown forms. The skeleton of Triplopus 
shows the following particular features distin- 
guishable from those of Hyrachyus: a large tym- 
panic bulla, a posttympanic process separated 
from the paracondylar process by an open shallow 
groove, a prominent deltoid tuberosity, a ridge 
between scaphoid and lunar facets of the radius 
with a rectangular articular fovea on the proximal 
end, a relatively longer forearm, a shaft of the ulna 
much reduced distally, a magnum with a more 
convex anterior scaphoid facet and a more con- 
cave Mc III facet, an unciform with a long poste- 
rior process, a relatively flat patella, more laterally 
compressed Mt II and Mt IV, and in lacking a pit 
proximal to the ectal facet of the calcaneus. Triplo- 
pus is especially characterized by possessing a tri- 
dactyl manus with a nodulelike Mc V, whereas all 
other known early rhinocerotoids and Hyrachyus 
retain a tetradactyl manus. Radinsky (1967a: 10) 
also illustrated certain dental characters that dis- 
tinguish Triplopus from Hyrachyus, and so it is not 
necessary to repeat here. 

It is interesting to note that Colbert (2005, 
2006) suggested a close relationship between 
Triplopus and the Asian lophialetids Schlosseria, 
Lophialetes, and Eoletes, which were historically 
included in Tapiroidea. In fact, Wood (1927: 16) 
noted some resemblances between Lophialetes 
and Triplopus cubitalis, but he attributed the 
similarities to parallelism. Resolution of the ori- 
gin of Triplopus and Hyracodontidae requires 
further discoveries. 

The skeleton of Hyrachyus is very similar to 
that of Uintaceras but less similar to that of 
Pappaceras and Juxia, as discussed above. The 
skeleton of Hyrachyus is similar to that of Juxia 
and Uintaceras, but different from that of Tri- 
plopus, in having a posttympanic process fused 
with the paracondylar process, an articular 
fovea of the radius constricted laterally with- 
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out the lateral process, a tetradactyl manus, a 
distinct supracondyloid fossa of the femur, a 
relatively large tibial tuberosity with a deep 
groove, and a quadrilateral entocuneiform 
with the mesocuneiform facet anterior to the 
navicular facet. 

The skeleton of Juxia shows some characters 
that reveal differences from that of Hyrachyus: 
elongated cervical vertebrae, large pre- and 
postzygapophyses, median grooves on the pos- 
terior surface of the spinous processes of the 
thoracic vertebrae, a relatively longer forearm 
compared with the humerus, a cuneiform con- 
tacting the radius by a small facet, and Mt III in 
contact with the cuboid. It should be noted that 
the skeleton of Pappaceras, possibly ancestral to 
Juxia and later paraceratheres, is known only 
from skulls and currently lacks postcrania 
(Wang et al., 2016), which would provide more 
important information on its phylogenetic rela- 
tionship when compared with Hyrachyus and 
other rhinocerotoids. Amynodontidae, an early 
rhinocerotoid family with a square M3, proba- 
bly also derived from a Hyrachyus-like ancestor. 
Based on known evidence, all non-hyracodon- 
tid rhinocerotoids probably derive from an 
ancestor similar to Hyrachyus, whereas hyra- 
condontids represent a separate lineage and 
derive from a currently unknown group. 


FUNCTIONAL ANALYSIS 


NECK 


The neck is approximately as long as the 
skull. From C3 to C7, the head and vertebral 
fossa are somewhat anteriorly inclined with the 
former slightly higher than the latter, which 
means the neck arises anteriorly as recon- 
structed by Cope (1884). Since the linea divisa 
condyli forms an angle of about 60° with the 
long axis of the skull, it can be inferred that the 
angle between the long axis of the neck and 
skull was about 60° in life (Qiu and Wang, 
2007). The slightly convex head and concave 
vertebral fossa suggests limited motion between 
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cervical vertebrae. The sharp ventral crests with 
prominent tubercles on the axis and C3-5 
would have provided large attachment surfaces 
for the ventral flexor muscles, as in Hyracothe- 
rium grangeri (Wood et al., 2011). 


DORSAL VERTEBRAE 


The high spinous processes with expanded 
and rugose tips on T1-3 suggest well-developed 
supraspinous and nuchal ligaments for lifting 
the head and neck. The thin, narrow spinous 
processes and relatively weak mammillary pro- 
cesses on T1-3 suggest a weak thoracic spinalis 
and semispinalis muscles and relatively good 
flexibility in the anterior region of the thorax. 
Since the spinous processes of the posterior tho- 
racic vertebrae are not preserved, it is unclear 
whether an anticlinal vertebra was present in 
Hyrachyus modestus. Considering that the lum- 
bar vertebrae have concave-convex embracing 
pre- and postzygapophyses, it is reasonable to 
deduce that the posterior thoracic vertebrae of 
H. modestus have similar structures to those in 
H. eximius (AMNH FM 5065). These characters 
suggest that the posterior part of the thoraco- 
lumbar vertebral column in H. modestus was 
relatively rigid (Wood et al., 2011). 


SCAPULAR AND FORELIMB FUNCTION 


The rounded glenoid cavity of the scapula 
and the head of humerus suggest a wide range 
of motion of the shoulder joint. The scapula of 
H. modestus shows the following cursorial 
characters: truncate vertebral border, reduced 
tuber of spine, and elongated and constricted 
neck (Osborn, 1929). The moderately devel- 
oped acromion process is a primitive character 
in perissodactyls and indicates the presence of 
an acromial part of the deltoid muscle. The 
humerus of H. modestus also shows the follow- 
ing cursorial adaptations: greater tubercle not 
elevated, medial and lateral epicondyles 
reduced, and presence of a blunt sagittal ridge 
on the capitulum. The olecranon of the ulna is 
more proximally than posteriorly extended, 
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TABLE 21 


Measurements (in mm) and ratios of forelimbs among compared ungulates 


Locomotion Type Species Humerus 
Length 

Ambulatory Pantolambda 124 
bathmodon* 

Subcursorial Phenacodus 173 
primaevus* 

Cursorial Hyracotherium 99 

grangeri? 

Cursorial Eohippus* 121 

Cursorial Heptodon posticus‘ 150 

Cursorial Heptodon calciculus* 115 

Cursorial Hyrachyus modestus 150 

Cursorial Hyrachyus eximius* 270 

Medioportal Tapirus terrestris* 205 

Medioportal Tapirus indicus* 250 


Radius Mc III Radio- Mc- 
Length Length Humerus (%) Humerus (%) 
82 31 66 25 
145 72 84 42 
86.6 47© 87 47 
110 64 91 53 
139 83 93 55 
114 67 99 58 
158 79 105 52 
200 - 74 _ 
177 106 86 52 
228 120 91 48 


* Osborn, 1929; > Wood et al., 2011; * Radinsky, 1965a; 4 Cope, 1884; * measured from the plate. 


also suggestive of cursorial adaptation 
(Osborn, 1929). 

The ratio of the length of the radius to that 
of the humerus is about 105% in H. modestus 
(based on AMNH FM 12361 for the humerus 
and AMNH FM 12664 for the radius, making 
the ratio open to question), whereas the same 
ratio in Hyrachyus eximius is about 92% (Hol- 
brook, 2001). The ratio of the length of Mc HI 
to that of humerus is about 52% in H. modestus 
(AMNH FM 12361 for the humerus and 
AMNH FM 12664 for the Mc III). Compared 
with the ratios among ambulatory (Pantol- 
ambda), subcursorial (Phenacodus), cursorial 
(“Hyracotherium, Heptodon), and mediportal 
(Tapirus), the ratios of H. modestus clearly indi- 
cate its cursorial adaptation (table 21). 


INNOMINATE AND HIND-LIMB FUNCTION 


The ilium of H. modestus shows the following 
cursorial characters: a narrow, thin, concave iliac 
crest, and relatively long, narrow wing and body. 
The femur of H. modestus has an elevated greater 
trochanter, and relatively high lesser and third 


trochanters, also suggesting cursorial adaptation 
(Osborn, 1929; Zhang and Yang, 2016). The tibio- 
femoral ratio of Hyrachyus modestus (AMNH FM 
11662) is about 90.9, and metatarso-femoral ratio 
from the different individual (based on AMNH 
FM 1612 for the Mt III and AMNH FM 11662 for 
the femur) is about 46.4, which is questionable 
(table 22). The tibio-femoral ratio and the meta- 
tarso-femoral ratio of H. agrarius, which was con- 
sidered to be a junior synonym of Hyrachyus 
modestus (Radinsky, 1967), are about 96 and 43, 
respectively (Osborn, 1929). Compared with the 
ratios among ambulatory (Pantolambda), subcur- 
sorial (Phenacodus), cursorial (“Hyracotherium, 
Heptodon), and medioportal (Tapirus), the ratios 
of H. modestus clearly indicates its cursorial adap- 
tation (table 22). 

In general, the skeleton of H. modestus has a 
relatively low mass and cursorial adaptation. 
Recently, Stilson et al. (2016) indicated that 
relatively low body mass in Hyrachyus probably 
account for its low frequency of osteopathology 
compared with later large rhinocerotids. 
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TABLED? 
Measurements (in mm) and ratios of hindlimbs among compared ungulates 
Locomotion Type Species Femur Tibia Mt III Tibio- MtlI- 
Length Length Length femur (%) femur (%) 
Ambulatory Pantolambda bathmodon* 149 114 36 77 24 
Subcursorial Phenacodus primaevus* 234 198 74 85 32 
Cursorial Hyracotherium grangeri> 138.3 123 56° 89 40 
Cursorial Eohippus* 167 162 824 97 49 
Cursorial Heptodon calciculus* 175 175 75 100 43 
Cursorial Hyrachyus modestus 241.8 219.8 112.2 90.9 46.4 
Cursorial Hyrachyus modestus* 254 243 110 96 43 
Medioportal Tapirus terrestris* 262 208 108 79 41 
Medioportal Tapirus indicus* 320 258 120 81 38 


@ Osborn, 1929; > Wood et al., 2011; *‘ measured from the plate; ¢ approximate. 


PERSPECTIVES 


Our analyses on the skeleton of Hyrachyus 
modestus indicate Hyrachyus diverged from a 
more basal group of ceratomorphs rather than 
from Heptodon. Since Hyrachyus shares a close 
ancestry with at least non-hyracodontid rhinocer- 
otoids and should be reasonably included in Rhi- 
nocerotoidea, this suggests a divergence time 
between Rhinocerotoidea and Tapiroidea in the 
early Eocene instead of middle Eocene as previous 
thought (Tougard et al., 2001; Hooker, 2005; 
Steiner and Ryder, 2011). Wang et al. (2011) 
reported the occurrence of rhinocerotoid-like 
Pataecops from an early Eocene Bumbanian 
deposit in Asia, and suggested the earliest record 
of the Rhinocerotoidea as the earliest Eocene, 
although the phylogenetic relationship of the enig- 
matic Pataecops remains controversial. Further, 
although Steiner and Ryder (2011) estimated the 
divergence of rhinoceroses and tapirs around 51 
Ma, the 95% confidence interval of the divergence 
period shows the possibility of an early Eocene 
divergence (Steiner and Ryder, 2011). The transi- 
tion from Hyrachyus to Rhinocerotoidea requires 
additional study of early rhinocerotoids, especially 
Triplopus, the earliest representative of Hyra- 
codontidae, whose affinities are less clear. Resolu- 
tion of the specific transition from the basal 
ceratomorphs to rhinocerotoids and the rise of 
different groups of Rhinocerotoidea will require a 


through revision of Hyrachyus and a phylogenetic 
analysis of perissodactyls with a large, comprehen- 
sive data set. Further, new discoveries of pivotal 
fossils from early and middle Eocene will improve 
or change our traditional views on the evolution- 
ary history of the Rhinocerotoidea. 
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BAI ET AL.: OSTEOLOGY OF CERATOMORPH HYRACHYUS MODESTUS 


APPENDIX 1 


LIST OF THE POSTCRANIAL ANATOMICAL TERMS 


On the left are the terms used here; on the right are the references and/or 


Accessory process 
Alar notch 

Angle (of rib) 

Cranial articular fovea 
Cranial costal facet 
Body (of sternum) 
Body (of vertebra) 
Caudal articular fovea 


Caudal costal facet 


Costal fovea of transverse process 


Costal groove 
Dens 
Diapophysis 


Dorsal arch 


Dorsal tubercle (of the atlas) 


Fossa 

Head 

Head (of rib) 
Intervertebral foramen 
Lamina of the neural arch 
Mammillary process 
Manubrium (of sternum) 
Muscular groove (of rib) 
Neck (of rib) 

Neural arch 
Parapophysis 

Pedicle of the neural arch 
Posterior vertebral notch 
Postzygapophysis 
Prezygapophysis 

Shaft (of rib) 

Spinous process 
Transverse foramen 
Transverse process 
Tubercle (of rib) 

Ventral crest 

Ventral tubercle 
Vertebral foramen 


Wing 


Nomina Anatomica Veterinaria (NAV) equivalents. 


AXIAL SKELETON 


Processus accessorius (NAV) 

Incisura alaris (NAV) 

Angulus costae (NAV) 

Fovea articularis cranialis (NAV) 

Fovea costalis cranialis (NAV) 

Corpus sterni (NAV) 

Corpus vertebrae (NAV) 

Fovea articularis caudalis (NAV) 

Fovea costalis caudalis (NAV) 

Fovea costalis processus transversi (NAV) 
Sulcus costae (NAV) 

(NAV) 

(Flower, 1885) = Tuberculum dorsale (NAV) 
Arcus dorsalis (NAV) 

Tuberculum dorsale (NAV) 

Extremitas caudalis [Fossa vertebrae] (NAV) 
Extremitas cranialis [Caput vertebrae] (NAV) 
Caput costae (NAV) 

Foramen intervertebrale (NAV) 

Lamina arcus vertebrae (NAV) 

Processus mamillaris (NAV) 

Manubrium sterni (NAV) 

(Qiu et Wang, 2007) 

Collum costae (NAV) 

(Flower, 1885) = Arcus vertebrae (NAV) 
(Flower, 1885) = Tuberculum ventrale (NAV) 
Pediculus arcus vertebrae (NAV) 

Incisura vertebralis caudalis (NAV) 

(Flower, 1885) = Processus articularis caudalis (NAV) 
(Flower, 1885) = Processus articularis cranialis (NAV) 
Corpus costae (NAV) 

Processus spinosus (NAV) 

Foramen transversarium (NAV) 

Processus transversus (NAV) 

Tuberculum costae (NAV) 

Crista ventralis (NAV) 

Tuberculum ventral (NAV) 

Foramen vertebrale (NAV) 

Ala atlantis (NAV) 
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Acromion 

Anconeal process 
Anterior angle 
Anterior border 
Articular fovea (of radius) 
Bicipital groove 
Capitulum 

Carpal articular surface 
Coracoid process 
Cuneiform 

Deltoid tuberosity 
Dorsal border 

Glenoid cavity 

Greater tubercle 

Head (of humerus) 
Head (of radius) 
Humeral condyle 


Infraspinous fossa 


Interosseous space (of the forearm) 


Lateral epicondyle 
Lateral coronoid process 
Lesser tubercle 

Lunar 

Magnum 

Medial coronoid process 
Medial epicondyle 
Medal styloid process 
Metacarpal I-V 

Neck (of radius) 

Neck (of scapula) 

Neck (of humerus) 
Olecranon 

Olecranon fossa 
Pisiform 

Radial tuberosity 
Posterior angle 
Posterior border 

Radial fossa 

Shaft (of humerus) 
Scapular notch 
Scaphoid 

Spine 

Styloid process 
Supraspinous fossa 
Supinator ridge 
Supratrochlear foramen 


Trapezoid 


BONES OF THE THORACIC LIMB 


(NAV) 

Processus anconeus (NAV) 

Angulus cranialis (NAV) 

Margo cranialis (NAV) 

Fovea capitis radii (NAV) 

(Flower, 1885) = Sulcus intertubercularis (NAV) 
Capitulum humeri (NAV) 

Facies articularis carpea (NAV) 

Processus coracoideus (NAV) 

(Flower, 1885) = Os carpi ulnare [Os triquetrum] (NAV) 
Tuberositas deltoidea (NAV) 

Margo dorsalis (NAV) 

Cavitas glenoidalis (NAV) 

Tuberculum majus (NAV) 

Caput humeri (NAV) 

Caput radii (NAV) 

Condylus humeri (NAV) 

Fossa infraspinata (NAV) 

Spatium interosseum antebrachii (NAV) 

Epicondylus lateralis (NAV) 

Processus coronoideus lateralis (NAV) 

Tuberculum minus (NAV) 

(Flower, 1885) = Os carpi intermedium [Os lunatum] (NAV) 
(Flower, 1885) = Os carpale II [Os capitatum] (NAV) 
Processus coronoideus medialis (NAV) 

Epicondylus medialis (NAV) 

Processus styloideus medialis (NAV) 

Ossa metacarpalia I-V (NAV) 

Collum radii (NAV) 

Collum scapulae (NAV) 

Collum humeri (NAV) 

(NAV) 

Fossa olecrani (NAV) 

(Flower, 1885) = Os carpi accessorium [Os pisiforme] (NAV) 
Tuberositas radii (NAV) 

Angulus caudalis (NAV) 

Margo caudalis (NAV) 

Fossa radialis (NAV) 

Corpus humeri 

Incisura scapulae (NAV) 

(Flower, 1885) = Os carpi radiale [Os scaphoideum] (NAV) 
Spina scapulae (NAV) 

Processus styloideus (NAV) 

Fossa supraspinata (NAV) 

(Flower, 1885) = Crista supracondylaris lateralis (NAV) 
Foramen supratrochleare (NAV) 

(Flower, 1885) = Os carpi II [Os trapezoideum] (NAV) 
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Trapezium 
Trochlea 
Trochlear notch 
Tuber of spine 


Unciform 


Acetabulum 

Acetabular notch 
Articular surface (of patella) 
Anterior part (of greater trochanter) 
Arcuate line 

Astragalus 

Apex (of patella) 

Base (of patella) 

Body (of ilium) 

Body (of ischium) 

Body (of pubis) 
Calcaneus 

Calcaneal tuber 

Central intercondyloid area 
Coxal tuberosity 

Cuboid 

Ectocuneiform 
Entocuneiform 

Extensor fossa 

Extensor sulcus 

Trochlea (of femoral) 
Fovea (of femur) 

Gluteal surface 

Greater ischiatic notch 
Greater trochanter 

Head (of femur) 

Head (of fibula) 

Iliac rest 

Intercondyloid fossa 
Intercondyloid eminence 
Intertrochanteric ridge 
Ischiatic spine 

Ischiatic arch 

Ischiatic table 

Ischiatic tuberosity 
Lateral condyle 

Lateral epicondyle 
Lateral malleolus 

Lessor ischiatic notch 


Lessor trochanter 


(Flower, 1885) = Os carpi I [Os trapezium] (NAV) 
Trochlea humeri (NAV) 

Incisura trochlearis (NAV) 

Tuber spinae scapulae (NAV) 

(Flower, 1885) = Os carpi IV [Os hamatum] (NAV) 


BONES OF THE PELVIC LIMB 


(NAV) 

Incisura acetabuli (NAV) 

Facies articularis (NAV) 

Pars cranialis (NAV) 

Linea arcuata (NAV) 

(Flower, 1885) = Talus (NAV) 

Apex patellae (NAV) 

Basis patellae (NAV) 

Corpus ossis ilii (NAV) 

Corpus ossis ischii (NAV) 

Corpus ossis pubis (NAV) 

(NAV) 

Tuber calcanei (NAV) 

Area intercondylaris centralis (NAV) 
Tuber coxae (NAV) 

(Flower, 1885) = Os tarsale IV [Os cuboideum] (NAV) 


(Flower, 1885) = Os tarsale III [Os cuneiforme laterale] (NAV) 
(Flower, 1885) = Os tarsale I [Os cuneiforme mediale] (NAV) 


Fossa extensoria (NAV) 

Sulcus extensorius (NAV) 
Trochlea ossis femoris (NAV) 
Fovea capitis (NAV) 

Facies glutea (NAV) 

Incisura ischiadica major (NAV) 
Trochanter major (NAV) 

Caput ossis femoris (NAV) 
Caput fibulae (NAV) 

Crista iliaca (NAV) 

Fossa intercondylaris (NAV) 
Eminentia intercondylaris (NAV) 
Crista intertrochanterica (NAV) 
Spina ischiadica (NAV) 

Arcus ischiadicus (NAV) 

Tabula ossis ischii (NAV) 

Tuber ischiadicm (NAV) 
Condylus lateralis (NAV) 
Epicondylus lateralis (NAV) 
Malleolus lateralis (NAV) 
Incisura ischiadica minor (NAV) 
Trochanter minor (NAV) 





67 


68 


BULLETIN AMERICAN MUSEUM OF NATURAL HISTORY 


Medial condyle 
Medial epicondyle 
Medial malleolus 
Mesocuneiform 
Metatarsal I-V 
Navicular 

Neck (of femur) 
Neck (of astragalus) 
Obturator foramen 
Pelvic symphysis 
Posterior part (of greater trochanter) 
Pubis symphysis 
Sacral tuberosity 
Sacropelvic surface 
Shaft (of femur) 
Shaft (of fibula) 

Shaft (of tibia) 
Supracondyloid fossa 
Sustentacular process 
Third trochanter 
Tibial tuberosity 
Trochlea 
Trochanteric fossa 


Wing (of ilium) 


Condylus medialis (NAV) 
Epicondylus medialis (NAV) 
Malleolus medialis (NAV) 
(Flower, 1885) = Os tarsale II [Os cuneiforme intermedium] (NAV) 
Ossa metatarsalia I-V (NAV) 
(Flower, 1885) = Os tarsi centrale [Os naviculare] (NAV) 
Collum ossis femoris (NAV) 
Collum tali (NAV) 

Foramen obturatum (NAV) 
Symphysis pelvina (NAV) 
Pars caudalis (NAV) 
Symphysis pubica (NAV) 
Tuber sacrale (NAV) 

Facies sacropelvina (NAV) 
Corpus ossis femoris (NAV) 
Corpus fibulae (NAV) 
Corpus tibiae (NAV) 

Fossa supracondylaris (NAV) 
Sustentaculum tali (NAV) 
Trochanter tertius (NAV) 
Tuberositas tibiae (NAV) 
Trochlea tali (NAV) 

Fossa trochanterica (NAV) 
Ala ossis ilii (NAV) 
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